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ABSTRACT
TUNING THE PROPERTIES OF METAL-LIGAND COMPLEXES TO MODIFY
PROPERTIES OF SUPRAMOLECULAR MATERIALS
MAY 2012
IAN M. HENDERSON
B.SC., CASE WESTERN RESERVE UNIVERSITY
M.SC., UNIVERSITY OF MASSACHUSETTS AMHERST
PH.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Ryan C. Hayward

Supramolecular chemistry is the study of discreet molecules assembled into more
complex structures though non-covalent interactions such as host-guest effects, pi-pi
stacking, electrostatic effects, hydrogen bonding, and metal-ligand interactions. Using
these interactions, complex hierarchical assembles can be created from relatively simple
precursors.
Of the supramolecular interactions listed above, metal-ligand interactions are of
particular interest due to the wide possible properties which they present. Factors such as
the denticity, polarizability, steric hindrance, ligand structure, and the metal used (among
others) contribute to a dramatic range in the physical properties of the metal-ligand
complexes. Particularly affected by these factors are the kinetic and thermodynamic
properties of the complexes. As a result metal-ligand interactions can vary from inert to
extremely transient.

vi

Of the vast number of ligands available for study, this dissertation will center on
substituted terpyridine ligands, with a particular focus on terpyridine-functionalized
polymers. While polymer-functionalized terpyridine ligands and their complexes with
transition metals have been heavily studied, the physical properties, particularly the
effects of polymer functionalization on the stability of bis complexes of terpyridines,
remain unexplored.
In the course of investigating the kinetic stability of these complexes, polymer
functionalization techniques were developed which were found to increase the stability of
the metal-ligand interactions compared to conventional techniques.

In addition to

studying the effect of terpyridine substituents, the effects of solvent on the stability of the
complexes was studied as well. As polymer-bound terpyridine complexes are often
studied in solvents other than water, knowledge of the stability of the complexes in
organic solvents is important to create supramolecular structures with more precisely
controlled properties. It was found that, for unsubstituted terpyridyl complexes, the
stability of the complexes varied by as many as five orders of magnitude in common
solvents. It is believed that this decrease in stability is the result of the ability of the
solvent to facilitate the movement of the ligands from the first and second coordination
spheres.
Although a large part of this dissertation is dedicated to the study of the kinetic
stability of terpyridine complexes, synthetic techniques involving terpyridine and its
complexes were investigated as well.

It was found that terpyridine functionalized

polystyrene could be produced by direction functionalization of terpyridine with
polystyryllithium.

Additionally heterloleptic terpyridine-based iron complexes were

vii

produced with high purity by reduction of the mono terpyridine complex of iron(III) in
the presence of a second, functionalized terpyridine ligand. The culmination of these
studies was the synthesis of supramolecular organogels, which were crosslinked using
metal-terpyridine complexes, yielding dynamic mechanical properties could be broadly
tuned by varying the metal used to form the crosslinks.
.
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CHAPTER 1
INTRODUCTION
1.1 Overview
The field of supramolecular chemistry has relates to “chemistry beyond the
molecule” as termed by Lehn.1,2 In particular, it pertains to intermolecular bonds forming
associations between discrete molecules whose bonding is non-covalent in, encompassing
hydrogen bonding, π-bonding, hydrophobic effects, host-guest interactions, ionic
interactions, and metal-ligand interactions.
Of these associations, metal-ligand chemistry offers arguably the most varied
array of properties. As compared to covalent bonding, metal ligand bonds can range
from inert to transient in nature.3 Bond energies of the complexes likewise show a wide
variation in bond strength, from very weak to nearly that of covalent bonds.
Additionally, interesting photophysical and magnetic properties can arise from metalligand bonding. Most importantly, all of these properties can be easily tuned through
variation of the metal and the choice of one of the vast array of ligands available for
complexation.
One particularly interesting subset of metal-ligand chemistry is the study of
tridentate ligands, such as 2,2’:6’,2”-terpyridine with transition metals. Complexes of the
terpyridine ligand with various transition metals have been the focus of intense research
since the ligand was first synthesized in the 1930s. The substituted terpyridines and their
homologues have particularly enjoyed attention from researchers interested in polymerbased supramolecular structures due to the synthetic ease in which terpyridine
1

functionalities can be incorporated into polymer architectures, as well as the myriad of
interesting properties that can be obtained upon the complexation of these ligand with
metal ions. While much attention is paid to the structures that can be synthesized with
terpyridine, as well as the electronic absorption and emission of the complexes and the
electrochemical properties, little is known about how the kinetic stability of terpyridine
complexes containing different polymer and small-molecule substituent groups and in
different solvents. This information would be invaluable in the synthesis of polymerbased supramolecular structures held together by solvent- and substitutent group-tuned
terpyridyl complexes.
The intent of this dissertation is to further expand the knowledge of metalterpyridine complexes through study of the factors affecting the physical properties of the
complexes, as well as to develop novel chemical structures based on the terpyridine
ligand, with a particular emphasis on terpyridine-functionalized polymers.

This

dissertation will serve to outline the effects of polymer substituents and solvents on
terpyridine complexes, providing useful and heretofore unknown information on
terpyridine kinetics.

Additionally, a novel synthetic technique for the synthesis of

heteroleptic terpyridine complexes is outlined, as well as the synthesis of a
supramolecular gel with terpyridine-based crosslinks which imparted the gel with tunable
physical properties.
This dissertation is divided into four sections, each representing specific research
initiatives. Chapter 2 involves the functionalization of living polystyryllithium (a living
anionic polymerization) with terpyridine and bipyridine, by direct addition of the living

2

anionic polymer to the. The resulting Chichibabin-type reaction results in novel 6polysrtyryl-2,2’:6’,2”-terpyridines and 6-polystyryl-2,2’-bipyridines.
Chapters 3-4 concern the measurement of the kinetic stabilities of terpyridine
complexes of iron(II) and cobalt(II) with various substituent groups and in various
solvent environments.

Chapter 3 describes the study of the kinetic stability of

macromolecular terpyridine complexes utilizing various chemistries to link the ligand to
the polymer chain. Kinetic stabilities of both iron(II) and cobalt(II) complexes were
tested, as well as the electrochemical properties of complexes of terpyridine-based model
compounds with cobalt(II). Chapter 4 records a study of the effect of different organic
solvents on the kinetic stabilities of terpyridine complexes of iron(II) and cobalt(II).
Chapter 5 covers the introduction of a new technique for the synthesis of mixed
ligand terpyridine complexes of iron(II) by which very pure heteroleptic complexes can
be obtained with reasonable yield. This technique is then used to synthesize asymmetric
complexes substituted with either electron withdrawing or electron donating groups. The
kinetic stability and redox properties of these asymmetrically substituted groups are then
measured. The last section of the body of this dissertation is Chapter 6, which covers the
synthesis and rheological characterization of supramolecular gels with crosslinks
consisting of terpyridine complexes.

1.2 Background
1.2.1 A Brief Introduction to Metal-Ligand Chemistry
Supramolecular chemistry is a field of study concerning the organization of
individual molecules into large-scale structures by interactions other than covalent

3

bonds.4 These supramolecular structures may be formed through a variety of interactions
which include hydrogen bonding, electrostatic interactions, π-π interactions, hydrophobic
interactions and other host-guest effects, and metal-ligand interactions.

Of these

interactions, metal-ligand complexes are among the most well-studied, having first been
brought to the attention of the broader scientific community with Pedersens’s work on the
ability of cyclic polyethers to complex metal salts in the late 1960’s.5,6
In the simplest terms, metal-ligand coordination revolves around the donation of
electon density by the electron-rich ligand to the electron-poor metal center. The electron
donation of the ligands may arise through a number of modes, such as a negative charge
on the ligand, electron density in the π-electron cloud of sp and sp2-hybridized bonds, and
the electrons of lone pairs on an organic molecule. Of these metal-ligand interactions, the
electron density donated by the lone pairs of the organic molecule will be the focus of
this writing.
The interaction of electron lone-pairs with metal d-orbitals is observed in σdonating ligands such as amines and phosphines.

One particular example is

Co[NH3]6Cl3, a compound whose structure was first elucidated by Werner,7 laying the
foundation of the study of coordination chemistry. Upon association of the ligand with
the metal, hybridized metal orbitals of the type dxspy form to accept electron density from
the ligand, with the integers x and y depending on the extent of d-ordital filling, ligand
properties, and other factors.8 Often the partial hybridization of the d-subshell of the
metal gives rise to a splitting of the orbital energies, resulting in higher energy
antibonding hybridized orbitals, and lower energy nonbonding orbitals.

This can

overcome the pairing energy of the electrons in the orbital, resulting in paired electrons
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occupying lower energy orbitals.9 The spectral and magnetic properties of these
compounds could fill several volumes, but the specific implications of ligand field-based
energy splitting will only be dealt with in this work so far as they affect the properties
which are discussed herein.
1.2.2 The Chelate Effect
An important concept in coordination chemistry is the binding of multidentate
ligands to metal centers. These ligands were given the name “chelates” after the greek
name of a lobster’s claw (chela) by Morgan and Drew in 1920,10 in order to describe
acetylacetonate complexes of tellurium and selenium.

The importance of chelate

complexes is due to the increased stability over monodentate ligands.11 This is
demonstrated in Table 1.1, which shows the β (product of the equilibrium constants of all
steps involved in complex formation) values for mono-, di-, and tridentate pyridyl
ligands. Chelating ligands form more stable complexes for two main reasons.
Table 1.1. Formation Constants (β) for mono-, bi-, and tridentate pyridyl
ligands.12,13
log β6
log β3
log β2
Cation
(pyridine)
(bipyridine)
(terpyridine)
Fe2+
17.5
20.9
Co2+
16.1
18.3
Ni2+
9.8
19.3
21.8
Cu2+
10.2
17.9

The dominate effect can be described from both thermodynamic and kinetic
properties. Kinetically, for a multidentate ligand, if one binding moiety becomes
dissociated from the metal center, the ligand is still bonded to the metal through the
other binding moieties. This means that the dissociated moeity is more likely to re-
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associate due to its close proximity to the metal center compaired to an equivalent
monodentate ligand.14
This can also be described in terms of a distinct entropic effect that arises
from chelates. During the ligation reaction, coordinated solvent must dissociate
from the metal center before complexation can occur.

The association of a

multidentate ligand to a metal center is more entropically favorable than
associations of monodentate solvents due to higher number of total molecules in the
system.

A ligand with only one binding moiety means that the number of

molecules in the system stays constant,meaning there is no net gain in entropy.15-18
This entropic phenomenon becomes apparent when the thermodynamic values for
both mono-, and bidentate cadmium complexes displayed in Table 1.2 are taken
into consideration. While the enthalpy of complexation ∆HӨ for both mono- and
bidentate species is similar, the entropy of complexation ∆SӨ is much more
favorable for multidentate, providing a larger magnitude of ∆GӨ.
A secondary effect is that the π-electron cloud may delocate though the
metal center.19,20

This is an advantage of conjugated ligands only, and is

considered to be only a minor contribution to complex stability.

Table 1.2. Thermodynamic parameters for the complexation of Cd2+ with
Ethylenediamine (a chelating ligand), and emthyleamine (a monodentate ligand).21
Ө
Ө
Ө
-1)
log β
Complex
∆G (kJ/mole) ∆H (kJ/mole) ∆S (J/mole K
2+

Cd(MeNH2)2
2+
Cd(en)
2+
Cd(MeNH2)4
2+
Cd(en)2

-27.28
-33.30
-37.36
-60.67

-29.37
-29.41
-57.32
-56.48

6

-6.28
13.05
-66.97
13.75

4.81
5.84
6.55
10.62

While other considerations, such as the alignment of the binding sites of the
multidentate ligand with the metal d-orbitals, or the pH of the solution, may negate or
lessen the effectiveness of the chelate effect,22 the complexes formed generally have
higher rates of formation, slower rates of dissociation, and higher thermodynamic
stability. It is this increased stability, along with magnetic and spectral properties that has
helped to intensify research into multidentate ligands such as bipyridine, phenanthroline,
and terpyridine.
1.2.3. Origins of the Terpyridine Ligand
The 2,2’:6’,2”-terpyridine ligand (terpyridine, terpy) was first synthesized in 1932
by G.T. Morgan (the same researcher who coined the term “chelate”) and F. H. Burstall
by the oxidative coupling of pyridine using anhydrous ferric chloride as a catalyst23. The
intent of the reaction was to synthesize large amounts of 2,2’-bipyridine (bipyridine,
bipy), using a scale-up of a previous synthesis.24 Due to the large scale of the reaction,
side-products (such as terpyridine ) were present in quantities great enough to isolate and
characterize. This first paper also contained a characterization the bis complex of ferrous
bromide and terpyridine. The complex was considered for dyestuff, a role for which it
was poorly suited due to insufficient binding to textiles.

For future reference, the

numbering convention of terpyridine ligands is shown in Scheme 1.1.
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1
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Scheme 1.1. Numbering Convention Used in Terpyridine Ligands

In the beginning, terpyridine research was slow to take off, with only sporadic
publication throughout the following five decades, which is most likely due to the
difficult synthesis; a problem that wasn’t addressed until the 1980s and 1990s25,26. One
of the most commonly employed of these improved synthetic techniques is shown in
Scheme 1.2. The earliest papers published in the 1940s after the initial synthesis of
terpyridine dealt with the detection of iron27 and cobalt28, with some physical
measurements (such as acid-dissociation constants and redox potentials) of the iron(II)terpyridine system29 being published in the 1950s. Three interesting studies on the
kinetics of terpyridine with various metals were conducted in the labs of R. G. Wilkins in
the 1960s 30-32, representing the first and still the most important treatment of terpyridine
kinetics.
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1. t-BuOK, THF
SMe

2. CS2

N

N

3. MeI

O

O

SMe

S

1.
N
O

SMe
N

N

2.NH4OAc, HOAc
O

N

SMe

N

S

NaBH4
N
N

N

NiCl2
N

N

N

Scheme 1.2. Synthesis of 2,2':6’,2”-terpyridine from Potts and coworkers. 26.

Another important stepping stone in terpyridine research was the development of
asymmetrical terpyridine complexes in the 1980s

33-36

. It was found that ruthenium(III)

and osmium(III) salts lacked the ability to form a bis complex with terpyridine, forming
instead a mono terpyridine complex. These mono complexes were then exposed to a
second ligand in the presence of a reducing agent, forming an heteroleptic ruthenium(II)
or osmium(II) salt. This represents the first synthesis of a terpyridine-based heteroleptic
complex, as rapid ligand exchange and disproportionation makes heterleptic synthesis
difficult with first-row transition metals.30,31
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1.2.4 Terpyridine Ligands Bearing Functional Groups
On of the strongest features of the terpyridine ligand is the ability to create
functionalized terpyridine ligands through a variety of techniques. Often, substitutent
groups are placed on the terpyridine ligand in order to modify some of the properties of
the complexes made with these ligands. Perhaps the most utilized ligand in this family
of substituted terpyridines is 4’-chloro-2,2’;6’,2”-terpyridine (Cl-terpy). The first
reported synthesis of this ligand was published by Constable et. al. in 1990,37 with the
aim of homocoupling Cl-terpy, thus forming 6′,6″-bis(2-pyridyl)-2,2′ : 4,4″ : 2″,2″′quaterpyridine. The synthesis of Cl-terpy and the homocoupling product is shown in
Scheme 1.3.

Scheme 1.3. Synthesis of 4'-chloro-2,2';6',2"-terpyridine, and 6′,6″-bis(2-pyridyl)2,2′ : 4,4″ : 2″,2″′-quaterpyridine.37 Reprinted with Permission from Royal Scoiety
of Chemistry. Copyright 1990.
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Researchers quickly realized that Cl-terpy could easily be functionalized by an
SNAr nucleophilic attack on the 4’-position on the terpyridine molecules. Using the
nucleophilic substitution route, terpyridines were produced bearing various ether-linked
functional groups. Alcohols bearing a variety of functional groups, such as alkyl chains
of various length,38-40 amines,40-45 and carboxylic acids42,46-49 have been employed to give
terpyridines bearing these functional groups. The SNAr substitution to the 4’-position has
also been show to work with deprotonated thiols.50,51
The functionalization of Cl-terpy with deprotonated alcohols and thiols is not the
limit of the utility of the ligand. For example, amines have been shown to attack the 4’position of the ligand as well, resulting in functionalized terpyridines with an amino
bridge.52-55 Using an amine as a nucleophile in the functionalization of Cl-terpy has the
disadvantage of high reaction temperatures and the addition of metals salts which
complex the terpyridines and withdraw electrons from the 4’-postion , thus making the
reaction more favorable. These metal salts later have to be stripped from the ligand with
KOH or another strong base, making the workup of the reaction very intolerant to certain
functional groups. In addition to ether, thioether, and amino-functionalized terpyridines,
nucleophilic addition has been used to create 4′-(diphenylphosphino)-2,2′:6′,2″terpyridine as well.56

The ligand was synthesized by addition of deprotonated

diphenylphospine to Cl-terpy at -95o C. This ditopic ligand was complexed with a
variety of metal salts, the “softer” metals such as platinum and palladium preferentially
bound the phosphine moiety, while “harder” metals such as iron and ruthenium
preferentially bound the terpyridyl moiety.
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In addition to nucleophilic aromatic substitution, Cl-terpy has been functionalized
using cross coupling reactions. Buchwald-Hartwig coupling has been used to create
terpyridyl compounds with amino-functionalizations in the 4’ position.57

Suzuki

coupling has been used to create 4’-aryl functionalized terpyridines as well, though the
reported yield was poor.58 In addition to using Cl-terpy, coupling reactions have been
undertaken with terpyridines bearing pseudohalide groups as well. The 4’- psuedohalide
terpyridines were functionalize by the addition of the psuedohalidochloride to
deprotonated 2,6-Bis(2-pyridyl)-4(1H)-pyridone.

Stille coupling has been used to

synthesize 4’-vinyl-2,2’:6’,2”-terpyridine from these psuedohalidoterpyridines.59,60
In addition to the chemistry involving 4’-halo and 4’-psuedohalo functionalized
terpyridines, several functionalized terpyridines have been synthesized from 2,6-Bis(2pyridyl)-4(1H)-pyridone (terpy-OH). An intermediate in the synthesis of Cl-terpy, terpyOH itself is a useful molecule in the creation of substituted terpyridine compounds.
Terpy-OH can be deprotonated using a mild base, such as potassium carbonate. The
resulting anionic species can then perform an SN2 reaction with alkyl,61-64 benzyl,61,65 and
allyl halides61; as well as psuedohalides.61 Mitsunobu coupling, a technique by which
two alcohols are coupled, has been used to react terpy-OH with a variety of alcohols,
offering another technique by which ether-linked terpyridines can be functionalized.66,67
As with tery-OH, the sulfur analogue, 2,2′:6′,2″-Terpyridine-4′(1′H)-thione, has been
used to create thioether-linked compounds via SN2 substitution.68,69
Another commonly utilized synthesis of functionalized terpyridines is the
production of 4’-aryl terpyridines via Kröhnke condensation. This synthesis is carried
out by reacting two equivalents of the enolate of 2-acetylpyridine with the appropriate
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arly aldehyde, thus forming the aryl-dipyridyl dione. The central pyridine ring is then
closed via condensation of the enone groups with an ammonium species such as
ammonium acetate or ammonium hydroxide. The reaction is show in Scheme 1.4.
R

R

O

N

2

O

KOH/NH4OH
EtOh

N
N

N

Scheme 1.4. The sythensis of 4’-aryl terpyridine ligands via Kröhnke Condensation

1.2.5 Terpyridine-Functionalized Polymers
The earliest studies on terpyridine-functionalized polymers involved the synthesis
and subsequent polymerization of terpyridine-functionalized vinyl monomers 70-72. In the
studies by Potts,59,72 a terpyridine ligands with a vinyl group attached to the 4 and 4’
position was synthesized and homopolymerized or copolymerized with styrene. The
polymers synthesized in this study were then complexed with cobalt(II) or zinc(II)
resulting in precipitation of the polymer. Polymers with pendant metal complexes were
also synthesized by polymerizing mixed ligand cobalt(II) complexes of terpyridine/4’vinyl-2,2’:6’,2”-terpyridine, and crosslinked networks were synthesized using bis-4’vinyl-2,2’:6’,2”-terpyridine complexes of ruthenium(II).
Another early study conducted by the Hanabusa research group involved
copolymerization of 4’-[4-(2-acrylaoxyethoxy)phenyl]-2,2’:6’,2”-terpyridine with styrene
and methyl methacrylate.73 The the polymers were then crosslinked via the addition of
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iron(II). Another study by the Hanabusa research group involved the copolymerization
of 4’-(p-vinylphenyl)-2,2’:6’,2”-terpyridine with styrene.74 Pendant iron(II) complexes
were then added to the polymer by first complexing the polymer-bound terpyridine
ligands with iron(III) followed by the reduction of the iron(III) complex with NH4PF6 in
the presence of 4’-(p-methylphenyl)-2,2’:6’,2”-terpyridine.
Aside from the studies conducted by Potts and Hanabusa, there have been a
myriad of other studies involving side-chain terpyridine-functionalized polymers. A few
studies have used the approach of adding terpyridine moeities polymers with preexisting
side chain functional groups. One such example by Schubert et al. employed the chlorine
groups of poly(vinyl chloride), displacing the chloro-groups in an SN2 reaction with (2mercaptophenyl)-methanol,

followed

by

functionalization

with

an

isocyanyl-

functionalized terpyridine.75 The terpyridyl functionalized PVC was then mixed with a
second terpyridyl ligand complexed with Ru(III), and the metal reduced to Ru(II), to
obatian PVC decorated with terpyridyl Ru(II) complexes. Another study by Evrensel et
al. involved the direct reaction of Cl-terpy with poly(vinyl alcohol) in the presence of
KOH.76,

This functionalized polymer was then complexed with zinc acetate and

combined with iron particles to create supramolecular magnetorheological gels.
Several side-chain terpyridine-functionalized polymers have been synthesized by
Tew and coworkers, with the aim of synthesizing terpyridine-functionalized polymers
with controlled architectures. One such study involved the incorporation of a terpyridinefunctionalized styrene molecule into block copolymers via RAFT polymerization with
poly(methyl methacrylate) end blocks and a random methyl methacrylate/terpyridyl
center block (Scheme 1.5).41 An additional study involved the synthesis of polymers
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using a macroinitiator consisting of either poly(methyl methacrylate) or poly(styrene)
synthesized using ATRP techniques. The bromine-functinalized macroinitiator was then
chain extended with N-acryloxysuccinimide, followed by postfunctionalization with 5([2,2';6',2'']-Terpyridine-4'-yloxy)-pentylamine in the presence of triethylamine.

The

polymers were then complexed with various lanthanide metals, and the emission spectra
of the complexes were measured. These studies were used as a springboard for further
investigations on the emission spectrum of compolymers of styrene and vinyl acetate
bearing terpyridine-iridium(III) complexes,77 white-light-emitting polyermic terpyridyl
complexes of lanthanide ions,78 polymer-based solvent sensors,

79

and polymer-based

terpyridyl complexes of lanthanides which could be used to detect nerve agents such as
Sarin and Soman.80

Scheme 1.5. Synthesis of Side Chain Terpyridine-Functionalized Polymers by NMP.
Reprinted from Aamer, K. A.; Tew, G. N. Macromolecules 2004, 37, 1990-1993.41
Copyright (2004)
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More recently, research on end-functionalized polymers has become prevalent,
taking advantage of the addition of hydroxyl-functionalized polymers to Cl-terpy in order
to end-functionalize such polymers as poly(ethylene oxide), polystyrene, poly(ethylene
co-butylene)

81

, polyesters

82

, and poly(vinyl pyridines)

83

with terpyridine moieties.

These end-functionalized polymers have been used to form block copolymers utilizing
the aforementioned ruthenium (III/II) redox chemistry 81. Similar techniques have been
used to create block copolymer surfactants

83,84

, and rod-coil-rod assemblies

85

. Other

transition metals such as Ni, Fe, and Co have been used to create supramolecular
condensation polymers using telechelic end-functionalized polymers as macromonomers
along with end functionalized polymers as macromolecular end-cappers 85
1.2.6 Properties of Selected Terpyridine Complexes
In this section the properties of selected metal-terpyridine complexes relevant to
this dissertation are discussed, in order to give a basic background for the later chapters.
Cobalt
The ability of terpyridine to complex cobalt was first indicated by the interference
of cobalt salts with the colorimetric determination of iron(II) solutions with terpyridine.86
Soon after, it was determined that terpyridine could be used for the colorimetric
determination of cobalt(II).87 As cobalt(II) has a d7 configuration, the bis-terpyridine
complex of cobalt(II) is a distinctly Jahn-Teller distorted octahedron in the solid state.88
The complex is capable of two spin-states, 2E low-spin manifold and the 4T1 highspin manifold, both of which are paramagnetic, though the high spin has a greater
magnetic moment. The spin state of the cobalt(II) bis-complex is highly dependent on
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the counterions and the solvent state. For example, anhydrous [Co(Terpy)2](ClO4)2 is has
a low spin ground state, with a population of the high spin-state (4T1 manifold) being
around 90% at room temperate in the solid state.

When the ClO4 counterions are

exchanged with PF6 counterions, the high-spin state is predominant at lower
temperatures, with the low-spin state becoming slightly populated at higher
temperatures.89

Solid [Co(Terpy)2] complexes crystallized with waters of hydration

behaves differently than its anhydrous analogues, even bearing the same counterions. For
example, the complex [Co(Terpy)2](ClO4)2●0.5H2O is predominantly high-spin even at
low temperatures, unlike its anhydrous counterpart mentioned above, which is
predominantly low spin at low temperatures.90

Complexes with simple halide

counterions were found to be more independent of hydration, and show a low spin
ground state, and were only approximately 30% high-spin at room temperature. In
aqueous solution, there is an equilibrium of the two spin states,91 while in organic
solvents, the complex is generally low-spin.92

An interesting consequence of the

differences in the magnetic moments is that the different spin states can have different
NMR spectra.93

The normal low-spin cobalt(II) complexes only reach a maximum

downfield shift of approximatly 120 ppm.95 Adding steric bulk is one way ensure the
existence of high-spin cobalt in solution, and can lead to downfield shifts of up to 250
ppm.92
Along with cobalt(II) complexes, cobalt(III) complexes have been studied as well.
The bis terpyridne complex exists as a low-spin d6 complex, which is diamagnetic and
can be characterized by NMR with “normal” sweep widths (relaxation frequencies
commonly employed in the observation of organic molecules),94 as opposed to cobalt(II)
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complexes, which are paramagnetic and display Knight-shifted peaks in the spectrum.
The general method for producing the trivalent complex is by oxidation of the divalent
complex with an oxidant such as silver nitrate.
Iron
The bis terpyridine complex of iron(II) was the first reported complex of
terpyridine, recorded in the Morgan and Burstall paper in which terpyridine was first
synthesized.23 The complex exists as a low-spin d6 species regardless of the counterion,96
and the NMR spectrum of the complex is readily obtainable in the “normal” ppm range.94
Interestingly, the addition of steric bulk to the 6 and/or 6” positions of terpyridine can
cause the high-spin state to become the ground state configuration due to weakening of
the ligand field strength through distortion of the metal-ligand bonds.97 An acetonitrile
solution of these high-spin complexes could be driven towards the low-spin state under
high-pressure, as the low-spin state has a smaller volume that that of the high-spin state.
The kinetics of formation and dissociation of iron(II) terpyridine complexes were
measured by Wilkins and coworkers,12,98 who found the formation rate of the mono
complex to be approximately 5.4*104 M-1s-1 at 25oC, similar to that recorded for
cobalt(II). This is most likely due to the exchange rate of water being the limiting step in
the reaction.99
Studies have also been conducted on terpyridine complexes of iron(III). When
combined with FeCl3, terpyridine does not form a bis complex, forming instead the mono
terpyridine iron(III) complex.100 The complex is a high-spin iron(III) complex with a 6A1
ground state, and d-d transitions are forbidden, therefore the magnetic moment is
temperature independent.101

In addition to the mono complex, the iron(III) bis-
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terpyridine complex can be synthesized by oxidizing the iron(II) bis complex with PbO2
in aqueous sulfuric acid, followed by the addition of sodium perchlorate.101 Interestingly,
a bulky counterion is required to synthesize the bis complex, as the addition of sodium
chloride precipitate [(terpy)FeCl3]. The bis complex is a low-spin iron(III) species, with
no apparent Jahn-Teller distortion.102
Nickel
Aqueous formation rates for the mono and bis nickel complex are 1.3*103 M-1s-1
and 2.0*105 M-1s-1 at 25o C, respectively. The formation rates in DMSO have also been
measured at 33 M-1s-1 for the mono comeplex, and 338 M-1s-1 for the bis complex.103 The
dramatically slower formation rates are attributed to the greater coordinating ability of
DMSO to that of water.

In order to determine if this was the case, water exxhange of

the mono complexes was measured by 17O NMR line broadening.104 The mono complex
of nickel(II) with terpyridine is ideal for this study due to its stability. It was found that
the water exchange was very similar to that of aquo-nickel(II), suggesting that an SN2
(associative substitution) mechanism, or some form of concerted mechanism may be
responsible for the rate increase. The much faster formation rates for the bis complexes
of all the metals discussed in this section when compared to the formation rates of the
mono complexes had been attributed to labilization of solvent by the initially
coordinating terpyridine, which was disproven, at least in the case of nickel(II), by this
study.
Copper
The bis complex of terpyridine with copper(II) is noteworthy for its rapid
dissociation rate, being too rapid to measure using the techniques employed with other
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first-row transition metals.98 As expected for a d9 metal complex, the copper(II) bis
complex of terpyridine shows a marked Jahn-Teller distortion.105

Interestingly, the

copper complexes are more thermodynamically stable than those of any of the other firstrow transition metals.31,106 Another particularly interesting aspect of copper-terpyridine
chemistry is the ability to form mixed ligand complexes with bidentate ligands such as
bipyridine. When the complexes bis-bipyridine and bis-terpyridine complexes are mixed
at a 1:1 ratio in solution, -12.9 kJ/mol of free energy is relesed, and the mixed ligand
complex is formed.107 While the mixed-ligand complexes appear to be a 6-coordinate
species in the solid state, with 5 nitrogens and one counterion making up the coordination
sphere, the coordination number in the solution state remains unknown.
1.2.7 Terpyridne Kinetics
The kinetics of formation and dissociation of terpyridine complexes with various
transition metals have been investigated extensively by Wilkins et. al.12,98,108 Although
discussion of some kinetic aspects of terpyridine complexes is presented above, the data
from Wilkins et al shown in Table 1.3 presents a more comprehensive treatement of
terpyridine kinetics.
Table 1.3 Kinetic Parameters of Terpyridine Complexation at 25o C. From Wilkins
and coworkers.12
-1

-1

log k1 (M s )

log k-1 (s )

Fe

4.8

-2.2

Co

4.4
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a

Cu
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-1

Ion

>7.3
o
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In this dissertation, the metals discussed above (Fe, Co, Ni, and Cu) are of
the most interest. It can be determined from the table that copper reacts most rapidly
with terpyridine, kf ≈ 20*107 M-1s-1.

The ligand dissociation is also very rapid as

compared to the other metals, at kd ≥10 s-1.109 For the iron complexes reaction rate is
between cobalt and nickel for the mono complex, yet the bis complex is the most rapidly
forming after copper. Another important factor regarding iron complexes is the high
kinetic stability as compared to the other bis complexes at k-2 = 1.6*10-7 s-1. The stability
of the nickel mono complex is also of note, at k-1 = 2.5*10-8 s-1; though the stability of
the bis complex is an order of magnitude less than iron at k-2 = 1.6*10-6 s-1. The high
stabiliy of the nickel and iron complexes makes them ideal for forming long-lived
supramolecular structures.

The stability of the cobalt bis complex is less than that of

iron and nickel, at k-2 = 1.1*10-3 s-1. An interesting note on the mono complexes
characterized had to be formed by heating the bis complex in vacuuo. This is due to the
low stability of the mono complexes in solution, as the complexes disproportionate
rapidly, forming the bis complex and free metal ion in solution.
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CHAPTER 2
SYNTHESIS OF END-FUNCTIONALIZED POLYSTYRENE BY
DIRECT NUCLEOPHILIC ADDITION OF POLYSTYRYLLITHIUM
TO BIPYRIDINE OR TERPYRIDINE§

2.1 Chapter Overview
We describe a new approach to synthesize 2,2’-bipyridine- or 2,2':6',2"terpyridine-terminated polystyrene that relies on anionic polymerization and direct endcapping with the desired pyridyl species. End-functionalization occurs by nucleophilic
addition of the living polystyryllithium chain to the 6 position of the pyridine ring,
followed by termination and oxidative rearomatization. By using an excess of the pyridyl
species to avoid coupling of two living chains through addition to the same bipyridine or
terpyridine unit, this technique yielded samples consisting of 77-93% singly endfunctionalized chains. The functionality of the polymers was determined by nuclear
magnetic resonance spectroscopy and chromatographic separation, while molecular
weight and polydipersity were determined by size exclusion chromatography. The crude
products were easily purified to near quantitative functionalization by short column
chromatography, and the excess pyridyl species could be efficiently recovered and
reused. Even though the addition of the polystyrene chain to the 6 position provides
some steric hindrance to the ability of pyridyl end-caps to serve as ligands, the

§

Portions of this chapter reprinted with Permission from Macromolecules, 2010, 43 (7), pp 3249–3255.
Copyright 2010 American Chemical Society
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terpyridine-functionalized products were found to form bis complexes readily upon
addition of 0.5 equivalents of iron (II) chloride to a solution of the polymers, as
determined by ultraviolet-visible spectrophotometry and nuclear magnetic resonance
spectroscopy.

2.2 Introduction
Polymers bearing ligands with the ability to complex transition metals are a
continued subject of interest due to their ability to form tunable and reversible
supramolecular structures.1-3

In particular, metal-bipyridyl and terpyridyl complexes

have received much attention since they provide strong non-covalent associations for
which the kinetics and thermodynamics of binding can be tuned through the choice of
metal ion, and because the behavior of these complexes is well characterized for small
molecule systems.2,4,5 Polymer-bound bipyridyl and terpyridyl complexes of metals such
as Zn, Fe, Ni, Co, Cu and Ru have been used to construct supramolecular step-growth
polymers,6 block copolymers7,8, amphiphilic polymer assemblies,9 star polymers,10-14
micelles15, tunable self-assembled structures,16 polymeric chromophores,17,18 and
polymers for self-healing materials.19 These constructs make use of two main classes of
polypyridyl-functionalized polymers: side-chain functionalized polymers and endfunctionalized polymers; here, we focus on the latter.
End-functionalization of polymers with terpyridine and bipyridine can be
approached by incorporation of the pyridyl species either pre- or post-polymerization.
Pre-functionalization has been accomplished using a polypyridine-bearing initiator for
nitroxide mediated polymerization (NMP) of polystyrene, polyisoprene, poly(N,N-
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dimethylacrylamide),

poly(butyl

acrylate),

poly(2-vinylpyridine),

and

poly(4-

vinylpyridine) with polydispersities in the range of 1.1-1.3.20 Polypyridyl initiators have
also been used to prepare well-defined, pre-functionalized polystyrene bearing
bipyridine-ruthenium complexes via atom-transfer radial polymerization (ATRP) from a
complexed bipyridyl initiator.10,14,21 Similar complexes have also been used to initiate
the anionic ring-opening polymerization of 2-ethyl-2-oxazoline, ethylene imine, ethylene
oxide, and lactic acid.11-13,22 In addition to the aforementioned techniques, reversible
addition fragmentation chain transfer polymerization (RAFT) has been used to
accomplish similar goals with vinyl monomers.23-26
While effective, pre-functionalization methods suffer from the drawback that an
involved synthesis is needed to obtain the appropriately functionalized initiators. Postfunctionalization approaches, on the other hand, have most commonly focused on the
reaction of hydroxyl-terminated polymers with 4’-chloro-2,2':6’,2”-terpyridine (chloroterpyridine) under basic conditions, leading to nucleophilic attack of the alkoxide at the
4’ position and displacement of chloride. This approach has been successfully employed
for end-functionalization of polystyrene,27 poly(ethylene oxide),28 and poly(ethylene-cobutylene).8
The application of living anionic polymerization, which remains the method of
choice for obtaining narrow molecular weight distributions, to polypyridyl-functionalized
polymers has so far been constrained by the issue of side reactions with pyridine rings.
The nucleophilic aromatic addition of alkyllithium reagents to pyridine29-31 and
bipyridine32 at the 2 or 6 positions to create 1,2- or 1,6-dihydropyridines, followed by
oxidation to form alkyl-substituted pyridines, is well documented. This nucleophilic
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addition has also been employed in the addition of polystyryllithium and
polyisoprenyllithium to poly(2-vinylpyridine) to form comb-like graft copolymers.33
However, in most cases this reaction is undesirable; for example, avoiding attack of the
living anion on pyridine motivates the use of polar solvents at low temperature as
commonly employed for anionic polymerization of 2- and 4-vinyl pyridine.34

In

preparing terpyridine end-functionalized polymers, one route that has been taken to
circumvent this reaction is to end-cap the living anionic chains with ethylene oxide,
followed by coupling of the hydroxyl-terminated chains with chloro-terpyridine as
described above for polystyrene and poly(ethylene-co-butylene).8 An alternative method
is to end-cap or copolymerize polystyrene with 1,1-diphenylethylene. As described by
Schubert and co-workers, the diphenylethylene anion is not sufficiently reactive to add to
the 6 positions, thus it reacts selectively with the 4’ position of chloro-terpyridine.35,36
While both of these approaches provide effective routes to end-functionalized polymers,
they require the purification and addition of an intermediate end-capping agent before
reaction with chloro-terpyridine, increasing the number of steps in the synthesis.

N
N

N
Li

Li

N

N
N

1.H
2.O2/-H2

N

N
N

Scheme 2.1 End-capping of Polystyryllithium with Terpyridine.
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Here, rather than seeking to reduce the reactivity of the anionic chain end, we
exploit the direct nucleophilic addition of polystyryllithium to bipyridine and terpyridine
to provide a simple route to end-functionalized polymers. To avoid coupling by addition
of two living chains to the same pyridyl unit, we employ a large excess of purified
bipyridine or terpyridine, resulting in predominantly singly-substituted 6-polystyryl
polypyridine species upon rearomatization, as shown in Scheme 2.1. We show that this
approach allows us to take advantage of the fast reaction times, quantitative conversions,
and low-dispersity§ products afforded by anionic polymerization to yield polypyridyl
end-functionalized polymers without the need for an intermediate end-capping agent.
The primary disadvantage of this approach is the need to use an excess of bipyridine and
terpyridine; however, the excess quantities can easily be separated and reused. While the
addition of polystyrene to the 6 position might be expected to introduce significant steric
hindrance to the ability of the pyridyl end-functionalities to serve as ligands for metal
salts, the terpyridine-terminated polymers synthesized here are shown to form bis
complexes in 2:1 mixtures with iron(II) chloride, a behavior well-known to occur with
terpyridine-functionalized polymers prepared by other techniques. 34

§

In this dissertation, “dipsersity” (ð) will be used in place of the more often used “polydispersity” as per the
recommendations of IUPAC. (37)
Stepto, R. F. T. Pure and Applied Chemistry 2009, 81, 351-353.
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Scheme 2.2: Apparatus Used for Anionic Polymerizationb
b

Solvent and monomer were distilled from flask A, polymerization was carried out
in flask B and the living polymers were transferred to flask C for endfunctionalization.

2.3 Experimental
•

Materials
Styrene (90-100%) was purchased from Mallinckrodt-Baker and stored over

calcium hydride (Acros, 92%).

2-2’-Bipyridine (99%) was purchased from Sigma-

Aldrich and sublimated twice at 110 °C before being stored at 50 °C under vacuum until
use. 2,2’:6,2”-Terpyridine, obtained partially from Strem Chemicals (98%) and partially
from the Tew Research Group at the University of Massachusetts, Amherst, was purified
by sublimation at 130 °C followed by recrystallization from methanol.

As with

bipyridine, terpyridine was stored under vacuum at 50 °C until use (and at least
overnight) to maintain dryness. Sec-butyllithium (1.3 M in 92:8 cyclohexane/hexane)
and dibutylmagnesium (0.5 M in heptane) were obtained from Acros Organics and used
as received. The sec-butyl lithium was titrated periodically to confirm concentration
using previously developed techniques.32 Silica gel (0.032 – 0.063 mm particle size, 60 Å
pore size) was purchased from MP Biomedicals and activated by stirring in methanol
followed by heating to 115 °C for 12 hours prior to use. Deuterated chloroform (99.8%
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D) and ferrous chloride tetrahydrate (99%) were purchased from Acros Organics and
used without further purification. Ethanol (95%) was purchased from Pharmco-Aaper
and used without further purification, tetrahydrofuran (THF) was purchased from Fisher
Scientific (99.9%) and benzene (99.5%) was purchased from TCI America.
•

Instrumentation

All 1H NMR spectra were recorded on a Bruker Avance 400 MHz spectrometer in
deuterochloroform (CDCl3) and referenced to tetramethylsilane. UV-Vis spectra were
recorded on a Hitachi U-2010 spectrophotometer with optical glass cuvettes obtained
from Buck Scientific. Size exclusion chromatography (SEC) was conducted using a
Polymer Laboratories GPC-50 with THF as the solvent and a Polymer Laboratories
mixed-C guard column, one Polymer Laboratories mixed D column (5 µm pore size, 0.2
– 40 kg/mol range) and two Polymer Laboratories mixed C (5 µm pore size, 0.2 – 2000
kg/mol range) columns at 50 °C and 1ml/min flow rate. Signal was generated by an RI
detector and molecular weight was determined against polystyrene standards.
•

Anionic Polymer Synthesis
Anionic synthesis was carried out using a modified version of a previously

described apparatus,38 as shown in Scheme 2.2. All glassware and stir bars were heated
in an oven to 115 °C for at least 2 hours prior to use, and assembled quickly while hot.
Flask C (300 mL RBF) was charged with either 5.0 g of bipyridine or 7.0 g of terpyridine
(25 and 23-fold molar excesses to the initiator, respectively). Vacuum (60-80 mTorr) was
pulled inside of the setup while the outside of the glassware was heated via hand torch for
further drying. Following the heating of the glassware under vacuum, the setup was
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evacuated and backfilled three times with dry, deoxygenated nitrogen gas and all
glassware joints were fitted with paraffin wrap.
Following the vacuum/backfill steps, the desired amount of styrene was transferred
to flask A (250 mL RBF) accompanied by 2 mL of dibutylmagnesium. The mixture was
allowed to stir at 70 °C for 30 minutes while the rest of the setup was exposed to vacuum.
At the end of this time, flask B (300 mL RBF) was cooled to -196 °C, and flask A was
exposed to vacuum briefly to remove residual atmosphere. The nitrogen/vacuum valve
on the Schlenk line was then closed and the vacuum transfer of styrene was completed.
After the vacuum transfer of styrene into flask B, flask A was placed under
nitrogen flow and charged with 200 mL of solvent (Benzene or THF) accompanied by 5
mL of styrene. A drying polymerization was initiated by adding 0.5 mL of 1.3 M secbutyllithium in 92:8 cyclohexane/hexane. During the 10 minutes that the drying reaction
was allowed to proceed, the entire setup was subjected to vacuum and flask B was cooled
with liquid nitrogen. After 200 mL of solvent was vacuum transferred to flask B, the
process was repeated to transfer 50-100 mL of solvent into flask C. Once the vacuum
transfers were completed, 3 freeze/pump/thaw cycles were undertaken on flasks B and C
simultaneously.
Polymerization of styrene was initiated by addition of 1.0 mL of 1.3 M secbutyllithium solution under a positive pressure of nitrogen in flask B. The secbutyllithium was added through the septum shown in Scheme 2.2 with a long needle that
reached completely through the stem. After the initiator was added, the resulting orange
color indicated initiation of the polymerization. The stopcock on flask B was then closed
in order to isolate the punctured septum and the reaction was allowed to proceed for 1
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hour at room temperature in the case of benzene (-78 °C in the case of THF). After the
allotted time was over, the entire setup was tilted so that all but about 10-30 mL of the
reaction mixture was decanted from flask B into flask C, resulting in a dark red color for
bipyridine, or a dark green color for terpyridine. The end-capping reaction was allowed
to proceed for an additional hour at room temperature (- 78 °C in THF) before the
polymer was quickly poured into 400 mL of ethanol to both terminate and precipitate the
polymer. Unfunctionalized polymer remaining in flask B was simultaneously terminated
and precipitated separately by quickly pouring the reaction mixture into methanol.
Following synthesis, the functionalized polymer was filtered, dissolved in acetone
and re-precipitated into ethanol twice more. All ethanol fractions were saved, the solvent
removed in vacuo and the bipyridine and terpyridine recovered and re-purified for use in
future polymerizations. Typical recovery of the unconsumed end capping material was
greater than 95%.
•

Chromatographic Separation
The crude end-functionalized polystyrene (15 to 30 mg) was weighed into a tared

vial, and dissolved into 20 mL of chloroform. A fritted glass filter (100 mL) mounted on
a vacuum flask with a rubber adaptor was filled to within 2 cm of the top with silica
before the polymer solution was poured into the filter. Vacuum was pulled on the flask
and 300 mL of chloroform was poured through the filter. Functionalized polymer was
retained in the column due to the strong adsorption of terpyridine onto silica gel; this was
confirmed by concentrating the eluent in vacuo and characterizing by TLC in chloroform.
In the event that TLC showed material at the baseline (indicating the presence of
functionalized polymer), the polymer solution was pulled through (fresh) silica a second
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time.

A control experiment using non-functionalized polystyrene was conducted to

verify that the non-functionalized side products did not adhere to the column and could
be quantitatively recovered from the eluent.
The resulting solution, which contained only non-functionalized chains, was then
evaporated to dryness in a tared vial using a rotary evaporator, and the residual polymer
weighed to determine the weight-average percent functionality of the crude polymer
sample. Neat triethylamine (300ml) was then introduced into the column to displace the
functionalized chains from the silica, the resulting solution was then collected and
concentrated in vacuo before being precipitated in methanol and filtered to afford the
purified functionalized product.
•

Ultraviolet-Visible Spectrophotometry (UV-Vis) Characterization of Chain
Ends
An optical glass cuvette fitted with a septum was charged with 2.5 mL of dried

THF and 0.2 mL of styrene. The polymerization was then initiated by 0.1 mL of 1.3 M
sec-butyllithium, and the UV-Vis spectrum was immediately measured.

After the

spectrum was recorded, an excess of dried, sublimated bipyridine was added to the
reaction and the UV-Vis spectrum of the resulting dark red solution was recorded. An
analogous experiment was conducted with terpyridine.
•

MALDI-TOF Characterization of Sample 5
The MALDI-TOF (matrix-assisted laser desorption/ionization time-of-flight

spectroscopy) spectrum of sample 5 was recorded on a Bruker Daltronics Reflex III
MALDI-TOF with a 337 nm pulsed laser. The spectrum was recorded in reflectron mode
and positive ions were used as the detection species. The MALDI-TOF spectrometer was
calibrated using equine cytochrome C, bovine insulin, and oxidized bovine insulin chain
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B (Sigma Aldrich). To prepare polymer/matrix mixtures, 5 µL of a saturated solution of
dithranol (MP Biomedicals, 99%) in THF was mixed with 5 µL of a 1 mg/mL polymer
solution in THF. To this solution was added 1 µL of a saturated solution of silver (I)
triflouroacetate (Alfa Aesar, 98%) in THF. Approximately 0.5 µL of this solution was
dropped onto the target and the solvent allowed to evaporate before the spectrum was
recorded. The number of laser shots was generally 200-300 at 75% intensity.
•

UV-Vis Titration of Sample 1
Purified, functionalized sample 1 (38.8 mg) was dissolved in 100 mL of

chloroform and allowed to stir continuously. After recording a baseline, a solution of
FeCl2●4H2O in methanol (16 mM) was added in 0.1 mL quantities, allowing 5 to 10
minutes between the addition of iron and the removal of 3 mL aliquots for spectral
observation. Absorption values for each portion were taken for the peak at 325 nm, after
which the aliquot was reintroduced into the reaction vessel.
•

NMR Characterization of the Iron Complex of Sample 5
Functionalized sample 5 (50.7 mg) was dissolved in 1 mL of deuterated

chloroform (0.39 mM) containing 0.02 % TMS by volume (Acros Organics). A stock
solution of iron (II) chloride was made by dissolving 79.0 mg of FeCl2●4H2O in 2 mL of
methanol for a concentration of 0.195 M. An aliquot (10 µL) of the iron solution was
added to the polystyrene solution to give a molar ratio of 2:1 PS/iron. An NMR spectrum
of this solution was taken and compared with the NMR spectrum of a 0.39 mM solution
of non-complexed functionalized sample 5 in deuterated chloroform.

37

Figure 2.1 Ultraviolet-visible spectrophotometry absorption spectra of
polystyryllithium (solid line), polystyryllithium with terpyridine (grey line), and
polystyryllithium with bipyridine (dashed line). No absorption from free bipyridine
or terpyridine occurs at these wavelengths, thus the spectral changes result from
addition of polystyryllithium to the pyridyl species to form anionic intermediates.

2.4 Results and Discussion
Our approach to prepare end-functionalized polystyrene relies on end-capping of
living anionic chains using an excess of the appropriate pyridyl species. Evidence for
successful nucleophilic addition of the living chains to bipyridine or terpyridine was
provided by a change in color from orange for the polystyryl anion to dark red or dark
green, respectively.

To further characterize this process, we performed UV-vis

absorption measurements on each of the anionic chain-end species (Figure 2.1). The
spectrum of polystyryllithium shows no features at wavelengths above 375 nm, in clear
contrast to the spectrum of the PS-bipyridyl anion, which shows an absorption peak
around 425 nm, and that of the PS-terpyridyl anion, which shows a small absorption peak
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at around 410 nm and an intense broad peak centered at 615 nm, the latter giving rise to
the intense dark green color. Since bipyridine and terpyridine on their own do not show
any absorption in this region, these spectral changes strongly suggest the formation of
anionic pyridyl chain ends. We note that the concentrations of polystyryllithium and
pyridyl species used in this experiment were too high for reliable data to be obtained
below 375 nm, thus preventing observation of the polystyryllithium peak at 334 nm.
Table 2.1 Properties of Bipyridine and Terpyridine End-Functionalized Polymers.
Mn in g/mol (ð) by SEC

End-Functionality

Sample No.

a

Solvent/
Temperature

Terminating
Species

Benzene/r.t.

Terpyridine

NonFunctionalized

Functionalized

NMR

Chromatography

1

2100 (1.11)

2250 (1.13)

88.5 %

85.9 %

2

2560 (1.13)

2790 (1.13)

91.2 %

93.4 %

THF/-78°C

Bipyridine

3

4400 (1.07)

4500 (1.08)

91.4 %

93.3 %

Benzene/r.t.

Bipyridine

4

------- a

6300 (1.09)

92.4 %

89.7 %

Benzene/r.t.

Bipyridine

5

11250 (1.06)

11170 (1.07)

87.3 %

84.2 %

Benzene/r.t.

Terpyridine

6

13460 (1.09)

12865 (1.13)

82.8 %

77.0 %

Benzene/r.t.

Bipyridine

Data not collected.

Figure 2.2 1H nuclear magnetic resonance spectrum of functionalized sample 4 in
deuterochloroform showing the bipyridyl shifts in detail. The integrated intensity of
the peak at 8.62 ppm was compared to the methyl peaks from the initiator (0.88
ppm) to determine the degree of end-functionalization.
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Having obtained spectroscopic evidence for reaction of anionic polystyrene
chains with terpyridine and bipyridine, we used this method to synthesize a range of endfunctionalized polymer chains with molecular weights of 2 – 13 kg/mol, as summarized
in Table 2.1. In addition to carrying out polymerizations in benzene at room temperature,
we prepared sample 2 to verify that the approach also worked for polymerizations in THF
at -78 °C. The efficiency of end-functionalization for each sample was calculated in two
ways: by NMR spectroscopy and by gravimetric analysis of chromatographicallyseparated polymer chains. Calculation of efficiency by NMR for bipyridine-terminated
samples was performed by comparing the integrated intensity of the singlet at 8.62 ppm
from the remaining 6’ hydrogen on bipyridine (see Figure 2.2) to that of the multiplet at
0.88 ppm arising from the two methyl groups on the initiator. In the case of terpyridine,
it was not possible to resolve peaks from individual pyridyl protons, thus we used the
integrated intensity of the peaks between 7.9 and 8.7 ppm, corresponding to the six
terpyridyl protons not obscured by the polystyrene aromatic peaks (the 3, 3’, 4’, 5’, 3”
and 6’’ protons). Functionalities determined by NMR ranged from 83 - 93 %, and were
generally very close to the values determined by chromatographic separation, which
ranged from 77 – 93 %. We note that the dihydropyridyl species formed initially upon
termination of the pyridyl anions were never observed by NMR, suggesting that oxidative
rearomatization to the substituted bipyridine or terpyridine occurs very rapidly under
ambient conditions.
Further evidence for the successful functionalization of polystyrene by this
approach is given by comparing the molecular weights of chains end-capped with
bipyridine or terpyridine to those determined for the small quantity of polymer from each
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reaction where polystyryllithium was directly terminated with methanol. As summarized
in Table 2.1, most samples showed only a slight change in Mn as determined by SEC,
consistent with the addition of a single polypyridyl unit to the end of each chain.
(Sample 6 yielded a slightly greater molecular weight for the non-functional polymer
compared to its functionalized counterpart, likely indicating that the conversion of
styrene had not reached 100 % when the majority of the polymer was transferred to the
flask containing terpyridine.) A slight increase in dispersity also occurred between the
functionalized and non-functionalized polymers for each sample synthesized in benzene,
predominantly reflecting a small quantity of double molecular-weight chains in the
functionalized samples, as described below. MALDI-TOF spectroscopy was used to
definitively establish terpyridine end-capping of the purified functionalized polymer 5 by
examining the specific mass peaks (Figure 2.3). The spacing of peaks in the spectrum
corresponds to the molecular weight of styrene (104.15 g/mol), and the central peak
shows a molecular weight of 11,955.8 g/mol. This represents 111 styrene repeat units,
the sec-butyl group from the initiator (57.1 g/mol), terpyridine minus a hydrogen atom
(232.3 g/mol), and the silver cationation agent (107.9 g/mol), totaling 11,958.0 g/mol.
The small discrepancy of 2.2 g/mol from the measured value is reasonable for MALDITOF spectra of polymers in this weight range. The number average molecular weight
determined by MALDI-TOF, Mn = 11.6 kg/mol is also in good agreement with that from
SEC, Mn = 11.3 kg/mol.
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Figure 2.3 Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)
spectrum of terpyridine-functionalized, purified sample 5 in reflectron mode using
dithranol as a matrix and silver(I) trifluoroacetate as a cationization agent. The
molecular weight of the labeled peak (11955.8 g/mol) corresponds to a polymer with
111 styrene repeat units and a terpyridyl group, confirming successful endfunctionalization of this sample. The number average molecular weight calculated
from this spectrum was 11.6 kg/mol, in good agreement with the value of 11.3
kg/mol from SEC.

Although the efficiency of end-functionalization was less than 100%, leading to a
significant fraction of non-functionalized polymers in the crude reaction products (Table
2.1), samples could easily be purified to higher purity by short column chromatography.
The affinity of terpyridine and bipyridine for the silica gel column packing means that
end-functionalized polymers show little movement on the column unless a competing
base is introduced into the eluent, while non-functional chains can be washed out of the
column. Specifically, we used chloroform as the eluent in all cases, followed by the
addition of neat triethylamine to displace the functionalized chains. The purities of the
resulting materials, as characterized by NMR, are shown in Table 2.2 for three samples.
In all cases the percentage of functional chains was increased to above 96%, significantly
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greater than that for the crude reaction products described in Table 2.1. In the most
extreme case, sample 5, the functionality was increased from 87 % to greater than 99 %
by this separation.
Table 2.2 End-Functionalities after Purification by Short-Column Chromatography.
Sample No.

End-Functionality (NMR)

1
4
5

99.7 %
96.5 %
99.3 %

2.4.1Coupling of PS chains through addition to polypyridine units
The main shortcoming of our approach, and the reason that large excesses of
pyridyl species were used for end capping, is that each bipyridine or terpyridine contains
two reactive 6 positions, and thus two living polymer chains may couple during
functionalization to yield a double molecular-weight species with a polypyridyl moiety at
its midpoint. With a 23 – 25-fold excess of polypyridyl species, the occurrence of
double-weight species, as determined by SEC, was fairly low in all samples, ranging
from undetectable to 4.8 % of polymer chains in the worst case of sample 3 (Figure 2.4).
In contrast,

polymers synthesized with stoichiometric amounts of bipyridine and

terpyridine contained ~ 15 % by number of double weight chains (Appendix 2.A). We
note that these values may also reflect any polymer chains coupled through the inclusion
of oxygen into the sample.39,40 Thus, to unambiguously establish that the dominant
coupling process occurred through addition to polypyridine units, a detailed
characterization of the side products for sample 4 was undertaken (see Appendix 2.A for
details), which revealed that greater than 75 % of the double-weight species for this
sample were bipyridine-centered.
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Figure 2.4 Size exclusion chromatographs of end-functionalized sample 3 before
(dashed line) and after (solid line) purification by short column chromatography
reveal a decrease in the proportion of double molecular weight chains.

Based on a simple model of equal reactivity of both reactive positions on each
polypyridine (Appendix 2.A), one would expect that a stoichiometric amount of
bifunctional terminating agent would yield 33 % by number of double-weight chains,
substantially greater than actually observed. By contrast, a 25-fold excess would be
expected to yield 1 % double-weight chains, less than typically observed in our
experiments.

These observations suggest that the process of coupling through a

polypyridine unit is more complicated than independent reactivity of each reactive 6
position; we note that several factors including steric effects, electrostatic interactions,
and the tendency of living anionic polymer chains to aggregate in non-polar solvents,41
may all influence the efficiency of coupling.

Further study is required to better

understand this process and find suitable conditions to minimize (or enhance) its
occurrence. In practice, however, it is straightforward to keep the proportion of mid-

44

functionalized double-weight chains acceptably low by using a sufficiently large excess
of pyridyl species during end-capping. Even in the worst case of sample 3, following
purification by column chromatography, double-weight chains made up only 1.6 % of the
sample (Figure 2.4).
Finally, we note that the presence of double-weight polymers introduces some
complications into our determination of percent functionality.

In terms of

chromatographic separation, TLC analyses suggest that the double-weight chains show a
decreased affinity for the silica gel due to steric hindrance at the polypyridyl center, and
thus they move on the column at a rate intermediate between the end-functionalized
chains and the non-functionalized chains. Since there is significant uncertainty in the
extent to which these species are reflected in the chromatographic yield calculations, the
reported values overestimate slightly the percentage of end-functionalized chains.
Similarly, our NMR analyses overestimate the percentage of terpyridine endfunctionalized chains, since one double-weight chain is counted as 5/6th of a
functionalized chain due to the remaining contributions of the 3, 3’, 4’, 5’ and 3”
positions of mid-functional terpyridine moieties to the NMR spectrum. For bipyridine,
the values determined by NMR accurately reflect the fraction of end-functional chains, as
the 6’ proton used to identify bipyridine is absent in the case of the double-weight
polymers. However, in all cases the errors introduced are several percent or less due to
the relatively small proportion of double-weight chains, and thus we have not attempted
to correct for these complications.
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Figure 2.5 Ultraviolet-visible spectrophotometry (absorption at 329 nm) of a 0.17
mM solution of terpyridine-functionalized sample 1 titrated with iron (II) chloride
hexahydrate. The change in slope of the line at 0.5 equivalents of iron indicates
nearly quantitative formation of a bis-tepyridyl iron complex, despite the presence
of polystyrene chains on the 6 position of each terpyridine ligand.

•

Steric effects and formation of supramolecular complexes
An important distinction between the end-functionalized polymers produced here

and those prepared via other routes lies in the attachment of polystyrene at the 6 position
of the pyridine ring, ortho to the nitrogen atom, compared to the typical 4’ (or 4) position,
para to the nitrogen. This positioning of the polystyrene chain may be expected to
impose steric limitations on the ability of the polypyridyl species to serve as a ligand for
metal ions. Indeed, as described above, we suspect that such steric effects are responsible
for the reduced affinity of the mid-functional double molecular weight polymers for silica
gel. To establish that the end-functionalized polymers prepared here were nonetheless
capable of forming supramolecular complexes, we performed a UV-vis titration of
terpyridine-capped polymer 1 with FeCl2●4H2O in chloroform (Figure 2.5).
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The

absorption at 325 nm shows a linear increase with the concentration of iron(II) until 0.5
equivalents, where a transition to a smaller slope occurs. This titration curve is a clear
indication of essentially quantitative formation of a bis complex until greater than 0.5
equivalents or iron are added, as typically observed for non-sterically hindered
terpyridine moieties.35 In addition to the peak at 325 nm from which the titration was
recorded, a metal-to-ligand charge-transfer band was observed at 563 nm; both are
consistent with the values reported by Schubert and co-workers as distinguishing
characteristics of the iron-terpyridine bis complex.35 Further indication of bis complex
formation was provided by an NMR spectrum taken of sample 5 in the presence of 0.5
equivalents of iron(II) (Figure 2.6). While the spectrum of sample 5 in the absence of
iron clearly shows terpyridine peaks in the aromatic region, the spectrum of the 2:1
mixture of sample 5 : iron(II) shows no such peaks, which suggests the formation of a
paramagnetic high-spin iron(II) complex. This is likely the result of a lengthened Fe-N
bond brought about by steric hindrance due to substitution of terpyridine at the 6-position
with polystyrene, an effect that has been previously reported for iron(II) complexes of
6,6”-substituted terpyridines.42

Thus, while the steric hindrance provided by

functionalization at the 6 position does influence the complexation behavior, it is not
sufficient to prevent formation of a bis complex. It is notable that no Knight shift protons
were observed in the NMR spectrum from δ = - 600 to + 600 ppm, as protons with large
upfield or downfield shifts are expected from paramagnetic compounds.43 The absence
of Knight shift protons in paramagnetic terpyridine-functionalized polymer complexes
has been reported previously for aqueous PEO-bound [terpy]2Co(II) systems,7 though the
reason for this behavior remains under investigation.
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Figure 2.6 1H nuclear magnetic resonance spectra of the pyridyl regions of A)
terpyridine-functionalized sample 5, in deuterochloroform and B) a 2:1 mixture of
functionalized sample 5 with iron (II) chloride in deuterochloroform. The complete
disappearance of the terpyridyl peaks at 0.5 equivalents of iron further supports the
near quantitative formation of a bis complex.

2.5 Conclusions
In this work we have shown that bipyridine- and terpyridine-terminated polystyrenes can
be effectively synthesized via anionic polymerization and end-capping by direct
nucleophilic attack of polystyryllithium on the desired polypyridine species, followed by
oxidative rearomatization. Lower molecular weight polymers showed high efficiencies
of functionalization (around 90%) by NMR and chromatographic separation, while
higher molecular weight samples showed a slightly decreased yield. While the degree of
functionalization of the crude products is somewhat lower than for a previously reported
approach to terpyridine-functionalized anionically-polymerized polystyrenes that yielded
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91-100 % functionality when conducted in toluene,35 the current approach does not
require the addition of an intermediate end-capper to the polymer chain. Further, when
conducted in THF (sample 2), the present approach yielded 91 % functionalization with
bipyridine, which is a considerably better than terpyridine-capped polymers synthesized
in THF in the previous study (59-66 %).35 Additionally, we have shown that it is
relatively straightforward to purify samples to obtain highly enriched (> 96 %) endfunctionalized polymer. The ability of the purified terpyridine-functionalized polymers
to form bis complexes with an iron(II) salt was confirmed by UV-Vis. This process has
advantages over existing procedures, namely rapid reactions, low dispersity, and the
absence of synthetically demanding initiators or intermediate end-capping agents. The
main disadvantage to this process is the large excess of terpyridine and bipyridine needed
to minimize the fraction of chains that couple through addition to a single pyridyl unit;
however the excess bipyridine and terpyridine can be easily separated from the polymer
and purified for later reuse.

This technique may also be applicable to the

functionalization of dienes and other monomers suitable for anionic polymerization, and
further raises the possibility to intentionally prepare homopolymers or block copolymers
containing a single terpyridine- or bipyridine mid-chain functionality by allowing the
end-functionalized polymers to react with the live anion of a second polymer.
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2.6 Appendix 2A: Side Product Characterization, Detailed Synthetic
Procedures, and Equal Reactivity Model
•

Functionalization with Stoichiometric Amounts of Terpyridine/Bipyridine
To demonstrate the necessity of using a large excess of terpyridine or bipyridine

to avoid coupling, a sample of polymer was synthesized using a 1:1 molar ratio of
terpyridine to butyllithium (1.0 mL of 1.0 M butyllithium/ 0.223 g of terpyridine).
Deconvolution of the chromatogram for the functionalized polymer yielded an estimate
of 28 wt % (16 % by number) of double-weight chains (Figure 2.A1). In contrast, the
unfunctionalized polymer contained only 0.3 wt % double-weight chains, a typical value
for the results of oxidative coupling in our experiments. The experiment was repeated
with a 1:1 molar ratio of bipyridine to butyllithium, yielding similar results (26 wt %
double-weight chains).

Figure 2.A.1 Size exclusion chromatograph of polymer functionalized with an
equimolar amount of terpyridine. Base polymer(solid line): Mn = 10.9 kg/mol, ð =
1.05. Functionalized Polymer (dashed line): Mn = 12.2 kg/mol, ð = 1.18.

•

Detailed Characterization of Side Products for Sample 4
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After purification of sample 4 as described in the main text, the separated side
products were analyzed, with results summarized in Table 2.A.1. After drying in vacuo,
side products were dissolved in 0.5 mL of THF. A 5 µL aliquot was removed and
analyzed by MALDI-TOF; the remainder was characterized by GPC. A second sample
of the side products was isolated and characterized by NMR.
The SEC trace of the byproduct (Figure 2.A.2) indicated that 10 ± 1 % (by
number) of chains in the byproduct sample were double-weight.

To distinguish

bipyridine-centered chains from chains coupled due to oxygen inclusion, the doublet
centered at 7.65 ppm in the NMR spectrum (corresponding to the 4 and 4’ positions of
bipyridine) was integrated and compared to the signal from the polystyrene backbone.
Since no peak was observed at 8.62 ppm (corresponding to remaining 6’ bipyridyl
protons on end-functional polymers), all pyridyl signals from the byproduct arose from
bipyridine-centered double-weight chains. This analysis revealed that 9 ± 1 % (by
number) of the byproduct consisted of bipyridine-centered double weight chains.
Comparison of the results from NMR and SEC indicate that only 10 % (± 14 %) of the
double-weight chains can be the result of oxidative coupling; the real number is probably
smaller given that a portion of bipyridine-centered chains are not eluted with the rest of
the side products during separation. The MALDI spectrum of the separated byproducts
showed only PS-H; neither the double-weight polymers nor any other side products were
observed. The central peak in the MALDI spectrum was at 6746.6 g/mol, corresponding
to 64 styrene repeat units, the butylithium initiator fragment (57.1 g/mol), and a sodium
atom (22.9 g/mol), yielding a total of 6745.7 g/mol.
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Table 2.A.1 Composition of Unpurified Functionalized Sample 4
Product
Percent of Total (number)
PS-bpy
90 ± 1
PS-H
9±1
PS-bpy-PS
0.9 ± 0.15
Non-bpy double-weight < 0.3

Figure 2.A.2 SEC trace of the chromatographically separated byproducts of sample
4.

•

Equal Reactivity Model for Pyridyl-Centered Coupling
If the molar ratio of polypyridyl end-caps to living chains is m, we take the

reactivity of each reactive pyridyl 6 site to be equal and uncorrelated, and all primary
chains react with one site, then the probability of any given reactive site being grafted
with a primary chain is p = (2m)-1. The probability that any given primary chain is part of
a double-weight species is also p, and therefore the weight fraction of double weight
chains is wd = p, while the number fraction is

xd = (2/wd – 1)-1 = (4m – 1)-1, neglecting

the weight of the pyridyl species. For the values of m = 25 and 23 employed here for
bipyridine and terpyridine, respectively, this simple treatment predicts 1.0 % and 1.1 %
by number of double weight chains, while for m = 1, it predicts 33 % by number.
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•

A Detailed Synthesis of Sample 7
To measure synthetic yields, an additional polymer (7) was prepared as described

in detail here. Data for this sample are not included in Table 2.1 of the main text.
Terpyridine (7 g, 0.03 moles) was added to a 500 mL RBF (flask C) and dried in vacuo at
40 ºC for 12 h**. The glassware was assembled directly out of the glassware oven (120
ºC) as described in the main text. After evacuating the interior of the glassware setup (60
mTorr) a hand torch and hot-air gun were used to heat the glass, paying special attention
to ground joints to remove water from the silicone joint grease. All surfaces of the glass
were heated except for the flask containing terpyridine, as this would have caused
sublimation of the material into the vacuum transfer manifold.
After heating the glassware, 3 vacuum-backfill cycles were completed with dried,
deoxygenated nitrogen gas††. Following this step, the left side (flask B and C) of the
setup was evacuated, and closed off from the rest of the setup via the left-side stopcock.
The rest of the setup was filled with nitrogen, and one of the glass plugs closing flask A
(1000 mL RBF) was removed for the injecting of 2 mL of 1.0 M di-n-butylmagnesium
solution in cyclohexane/hexane. After the solution was injected, the flask was closed and
evacuated, removing the solvent and leaving a light grey dibutylmagnesium residue on
the bottom of the flask. Nitrogen was reintroduced to the flask, and the plug was once
again removed to allow the introduction of 22 mL of styrene (0.19 moles) into the flask.

**

In previous experiments, terpyridine and bipyridine were further dried by three cycles of evacuation of the flask
containing the compound on the synthesis setup, followed by closing the valve to the flask and melting the compound,
then resolidifying and pulling vacuum. However, it was found that no significant improvement in yield was obtained,
thus this step was dropped from the synthetic procedure.
††
The nitrogen was dried trough Drierite™ (≈98% calcium sulfate 2% cobalt (II) chloride monohydrate), and
deoxygenated with a Restek™ high capacity indicating oxygen trap.
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The plug was replaced and the flask was evacuated until the styrene had just begun to
boil, at which time the valve was closed, isolating the flask from the rest of the setup.
Flask A was heated to 70 ºC and the styrene/di-butylmagnesium slurry was
stirred at this temperature for 30 min. At end of this time, flask B was placed in a 500
mL dewar flask full of liquid nitrogen. After flask B was cooled to -78 ºC, the valve
connecting the glassware to the gas manifold was closed; the valves on the vacuum
transfer manifold were opened, allowing the vacuum transfer of styrene to proceed. Once
the vacuum transfer of styrene was completed, the right-side valve of the setup was
closed, preserving the vacuum in flasks B and C. Nitrogen was once again introduced
into the rest of the setup, and flask was charged with approximately 400 mL of benzene
and 5 mL of styrene. A drying polymerization was initiated with sec-buyllithium, after
which the flask was evacuated until the benzene had just begun to boil. Next, ~ 400 mL
of benzene was vacuum transferred into flask B in the same manner as styrene.
After 3 freeze-pump-thaw cycles on flask B, ~ 100 mL of the styrene-benzene
solution was transferred into flask C by tipping the setup and allowing the liquid to flow
from flask B to flask C, where the liquid was stirred until the terpyridine was dissolved‡‡.
Flasks B and C were then placed under a positive pressure of nitrogen and a 1 mL glass
syringe and 100 mL RBF were removed from the glassware oven; the syringe was set
aside to cool. A septum was fitted to the flask and vacuum/backfilled with nitrogen 3
times ending with a positive pressure of nitrogen. After the syringe was cool enough to
handle, it was fitted with a 24-gauge 12” needle and purged with nitrogen by drawing
from the 100 mL flask several times. The syringe was then used to inject 1 mL of
‡‡
This was an improvement over the technique used for samples 1-6; done so that two flasks would not have to be
freeze-pump-thawed at once. This way, the potential “bumping” of the liquids which can cause cross-contamination
between the flasks is eliminated and the loss of polymerizable styrene into flask C can be accounted for.
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nitrogen into the butyllithium container before withdrawing 1 mL of 1.3 M secbutyllithium (1.3 mmoles) in heptane into the syringe.§§ The septum on flask B was then
punctured with the needle and the needle inserted into the flask until the tip was 1-2 cm
above the vortex of the vigorously stirred fluid. The butyllithium was rapidly injected
into the solution, and the immediate appearance of orange coloration indicated initiation.
The needle was rapidly withdrawn and the stopcock closed to isolate the punctured
septum.
After stirring the solution for 75 min*** at room temperature the polystyryllithium
was end-capped by closing the valve connecting flasks B and C to the rest of the setup
and tilting the entire apparatus so that the polystyryllithium solution flowed into flask C.
The resulting dark green color indicated reaction of the terpyridine with the
polystyryllithium. Approximately 50 mL of the polystyryllithium solution was allowed
to remain in flask B. After 45 min had elapsed, ethanol was injected into flask B to
terminate the polystyryllithium†††, and flask C was precipitated in 1 L of vigorously
stirred ethanol. The unfunctionalized polymer was then precipitated into 200 mL of
methanol.
The precipitates were filtered and placed in vacuo for 2 h before being weighed.
After this, a portion (3.8 g) the functionalized sample was dissolved in acetone (40 mL)
and precipitated into ethanol (150 mL) twice more before further characterization. Since
25 % of the styrene was decanted into flask C prior to polymerization, yields were

§§

We find this technique preferable to overpressuring a bottle of butyllithium prior to withdrawal for safety reasons.
We have found that this amount of time is insufficient for the molecular weight targeted in this experiment; longer
reaction times should be used for polymers of 10 kg/mol with this initiator concentration.
†††
Also an improvement over techniques used to synthesize samples 1-6, which can eliminate the oxygen inclusion that
can result from simultaneous precipitation and termination.

***
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calculated from 16.5 mL (0.14 moles) of styrene. The target molecular weight was 11.5
kg/mol.
The filtered ethanol was concentrated in vacuo to a volume of ~ 150 mL and
filtered again to remove any remaining polymer, then rotovapped to dryness in a tared
flask and placed under vacuum for 1 h before being weighed. Using this method, 6.6 g of
terpyridine was recovered, representing 97% of the unconsumed terpyridine.

Unfunctionalized polymer: Mn = 12.0 kg/mol, ð = 1.04, 1.95 g recovered.

Functionalized polymer: Mn = 10.8 kg/mol, ð = 1.09, 10.76 g recovered (total recovery
12.71g, 85 % yield), functionality (NMR): 83.8 % 1H NMR (400 MHz, CDCl3): δ = 8.77.9 (m, 6 H; terpyridine), 7.5-6.2 (m, 518 H; aromatic polystyrene), 2.5-1.0 (m, 311 H;
aliphatic polystyrene backbone), 0.88 (m, 6 H; sec-butyllithium methyl groups).

2.7 Appendix 2B: Synthesis of Mid-Functionalized Block Copolymers
A consequence of end-capping polystyryllithium with bipyridine or terpyridine is
that a second active site is available for nucleophilic substitution. Through nucleophilic
reaction on the 6” position of terpyridine (6’ position of bipyridine) bearing a polystyrene
chain on the 2 postition with a living anionic polymerization, a block copolymer may be
produced with a polypyridine ligand in the center of the polymer. Similar techniques
have been used to successfully produce diblock and multiblock using multifunctional
silanes.44,45 This approach is convenient due to the fairly inert nature of the linking
molecule, meaning that the first block synthesized can be purified on silica before adding
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the living polymerization of the second block. This means that a one-pot synthesis is not
necessary, and the potential pitfalls of purifying multiple monomers at once can be
avoided. It also means that multiple block copolymers can be produced from the initial
polymer, which can be stored between reactions. Furthermore a ligand is present in the
center of the copolymer, which has the potential to undergo further reactions.
In this section, a brief treatment of this process is provided. Experimentally, the
process is similar to that described for the end functionalized polymers, with terpyridine
or bipyridine end-functionalized polystyrene being present in vessel C, rather than the
small-molecule ligand. Also unlike the previous procedure, the living polymer was
present in excess in order to ensure full reaction of the functionalized polystyrene. Using
this

technique,

polystyrene-terpy-polyisoprene

methylstyrene) were produced.

and

polystyrene-bipy-poly(p-

In both cases the copolymers were synthesized in

benzene.
The copolymerization with polyisoprene was accomplished by adding polymer 5
with living polyisoprene.

The copolymer was separated from the reaction mixture by

extracting the unfunctionalized polymer with cold acetone, leaving the block copolymer.
The resulting product was characterized by NMR, MALDI-TOF, and GPC. The GPC
chromatograph of the reaction mixture showed a definite shift the higher molecular
weight in the main polymer peak, with the unfunctionalized polyisoprene visible at lower
molecular weights (Figure 2.B.1). Characterization by MALDI showed a peak molecular
weight of 12,583.74 g/mol which corresponds to 2 initiator fragments, 111 styrene repeat
units, 1 terpyridine- 2H, and 10 isoprene repeat units (Figure 2.B.2). The 1H NMR
spectrum in CDCl3 revealed that the material was 96.8% copolymer, and that the isoprene
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was in predominantly (86%) 1,4 configuration, as is expected for polymerizations of
isoprene in non-polar solvents.46,47
A block copolymer of polystyrene and poly(p-methylstyrene) was produced by
applying the polymerization procedure mentioned above using Sample 4 as the beginning
polymer.

Unlike the PS-PI copolymer, the copolymer could be separated from the

reaction mixture using the flash-column chromatography technique described in Section
2.3.1.

Figure 2.B.3 shows the GPC chromatographs of the starting polymer, the

unpurified reaction mixture, and the purified product. From the chromatograph of the
reaction mixture, both the unfunctionalized poly(p-methylstyrene) and the block
copolymer can be seen. The block copolymer shows a definite molecular weight increase
to Mn = 7511 g/mol from the parent polymer, which had a molecular weight of Mn =
4400 g/mol. The purified product shows a near total removal of unfunctionalized poly(pmethylstyrene), which was confirmed by 1H NMR. ð of the copolymer was 1.04.

Figure 2.B.1. The GPC Chromatographs of Polystyrene-terpy-poly(pmethylstyrene). The unpurified reaction mixture is shown in dashed lines, note the
low molecular weight unfunctionalized polyisoprene shown at higher elution times.
The solid line denotes the block copolymer, note the shift to higher molecular
weights.
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Figure 2.B.2. MALDI-TOF spectrum of Polystyrene-terpy-poly(p-methylstyrene).
The peak molecular weight is shown by the arrow, at 12,584.74 g/mol.

Figure 2.B.3. GPC Chromatographs of Polystyrene-bipy-polyisoprene. The
starting material is shown at the bottom in dashed lines, the reaction mixture is
shown in solid lines, and the purified copolymer is shown at the top in dashed lines.
The raw reaction mixture shows a distinct signature of unfunctionalized poly(pmethylstyrene), while the purified mixture shows little to no evidence of
unfunctionalized poly(p-methylstyrene). The molecular weight of the purified
polymer was found to be Mn = 7511 g/mol, ð = 1.04.
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CHAPTER 3
SUBSTITUENT EFFECTS ON THE STABILITIES OF POLYMERIC
AND SMALL MOLECULE bis-TERPYRIDINE COMPLEXES∗

3.1 Chapter Overview
Metallo-supramolecular assemblies of polymeric, particulate, or small-molecule
building blocks based on 2,2':6',2’’-terpyridine most commonly rely on chemical
substitution of this ligand at the 4’ position. In Part 3.1 of this chapter, we investigate the
effects that this modification to the ligand has on the kinetic stabilities of bis transition
metal complexes, and therefore the lifetime of supramolecular bonds that it forms. The
decay of aqueous cobalt(II) and iron(II) complexes in the presence of excesses of
competing metal ions is studied by ultraviolet visible (UV-vis) absorption spectroscopy,
and rate constants for the decay of amino-, ether-, and non-substituted ligands are
determined. Remarkably, for cobalt(II), amino substituents lead to rapid oxidation in air
to kinetically inert cobalt(III) complexes, while ether substituents yield decay constants
three- to six-fold larger than unsubstituted complexes. Ether linkages apparently weaken
cobalt complexes by inductive withdrawal of electrons, while amino substituents donate
electron density, thus lowering the oxidation potential of the complexes. For iron(II),
both ether- and amino-linked complexes decay at least an order of magnitude faster than
unsubstituted complexes. Our results highlight the importance of considering linking
chemistry when designing dynamic supramolecular assemblies based on terpyridine
∗

Portions of this chapter reprinted with permission from Polymer Chemistry. 2012 In Press. Copyright
2012 Royal Society of Chemistry
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ligands, as it yields significant, and occasionally dramatic, changes in the kinetic
stabilities of these complexe
In Part 3.2 of this chapter, the kinetic stability of terpyridine-functionalized
poly(ethylene oxide) (Mn = 5000 g/mole) with thioether and sulfonyl linkages is
measured. The thioether linked species was produced by the reaction of terpyridine4′(1′H)-thione with mesyl-PEO under basic conditions. The sulfonyl-linked species was
produced by oxidation of the thioether-linked species. It was found that iron complexes
of the thioether species decayed at a rate comparable to that of its amino homologues,
while the sulfonyl-linked species decay approximately three-fold more rapidly.

For

complexes of cobalt, both complexes decayed more rapidly than their ether- and aminolinked counterparts, with less difference between the two sulfur species.
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PART 3.1

SUBSTITUENT EFFECTS OF ETHER AND AMINO LINKAGES ON
KINETIC STABILITY OF BIS TERPYRIDINE COMPLEXES

3.1.1 Introduction
Metal-ligand complexes provide versatile platforms for the construction of
dynamic supramolecular structures from small molecule, polymer, and particle-based
building blocks.1-4 It is well established that variations in the metal used to form
complexes with these ligands yield changes by many orders of magnitude in both the
kinetic rate constants for formation and dissociation of complexes5,6 and the
thermodynamic binding constants.7

These effects are critical to informing the metal-

ligand combination selected, as they determine the properties of the resulting
supramolecular structures.8-10

Another potentially important, although infrequently

considered, factor is that the synthetic pathway used to attach the ligands to the building
blocks necessarily introduces substituent groups, that may influence ligand behavior. For
example, the rate of complex formation is known to be affected by the electron
donation/withdrawing character of the substitutent groups on ligands including aliphatic
amines11 and phosphines.12

Thermodynamic binding constants have been shown to be

affected dramatically by electronic donation/withdrawal as well.13 While several studies
on the effects of ligand substituents on complex dissociation have been carried out,14,15
the electronic effects of the substituents have generally been found to be less important
than their steric bulk. The most relevant study on electronic substituent effects for
pyridyl ligands16 showed that electron donation by methyl substituents on bipyridine
slowed the decay of nickel(II) complexes, while electron withdrawal by nitro and chloro
groups led to more rapid decay.
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The 2,2’:6’,2”-terpyridine (terpyridine) ligand, which forms bis complexes with a
wide variety of first-row transition metals in the second oxidation state, such as
iron(II),17,18 cobalt(II)18,19 and nickel(II)20 has proven to be of particular utility for the
preparation of reversibly-associating polymer-based assemblies including block
copolymers21,22 crosslinked networks,23 supramolecular step-growth polymers,24-27 and
surface coatings.28 The rates of reaction and dissociation of several of these metals with
terpyridine has been well studied,6,20,29 and there have been a few studies on the
thermodynamics of complex formation.30,31 However, to the best of our knowledge, there
have been no studies on the effect of substituent groups on these parameters.
To attach terpyridine ligands to polymer backbones, two main synthetic strategies
have been adopted. In a few cases, the nucleophilic aromatic substitution of living
anionic

polymers

to

4’-chloro-2,2’:6’,2”-terpyridine32,33

(chloro-terpyridine)

or

terpyridine34 has been employed, yielding methylene linkages between the polymer chain
and the end-capping terpyridine ligand. More commonly, however, an SNAr reaction of
an alkoxide with chloro-terpyridine is employed, yielding either end-functionalized35-37 or
side-chain functionalized30,38,39 polymers with an ether linkage to terpyridine at the 4’
position. As ether groups can both donate electron density due to resonance effects and
withdraw electron density due to inductive effects40, this chemical substitution may be
expected to significantly perturb the properties of terpyridine as a ligand. There are also
several examples of 4’-amino substituted terpyridines in the literature,41-44 providing an
interesting opportunity for a comparison of substituent effects, as amino groups are more
electron donating than ether groups.45 However, while it has been demonstrated that
substituents that alter the electron density within the terpyridine pi system affect the
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magnetic susceptabilities46, redox potentials46,47, and photophysical properties48 of
complexes, their effects on complex stability have received little attention.
In the current study, we determined the kinetic stabilities of aqueous biscomplexes for a series of substituted terpyridine ligands, summarized in Scheme 3.1.1,
modified at the 4’ position using both ether and amine linking chemistries. For cobalt(II)
complexes, ether substituents yielded a significant (three- to six-fold) increase in the
dissociation rate constant, compared to terpyridine. Surprisingly, amino-functionalized
ligands were found to induce rapid oxidation under aerobic conditions to cobalt(III)
complexes, reducing the dissociation rate constants by at least four to five orders of
magnitude, to the point that they can no longer be measured using the same methods.
This ligand-facilitated oxidation of cobalt(II) to cobalt(III) may also be of interest in the
context of efforts to use cobalt complexes as catalysts for photo-oxidation of water for
solar energy storage.49,50

For iron(II) complexes, both ether and amine linking

chemistries increased the rate of decay by at least an order of magnitude. Ligands
functionalized with poly(ethylene oxide) were compared to small molecule analogs for
both cobalt and iron. While the behaviors were found to be qualitatively similar, modest,
though easily measurable, changes in dissociation kinetics were found to result from the
presence of the polymeric substituents.
(1) R= H

O
O

(2) R =

N
H

O

(6) R =

R

N

O

(4a), (4b) R =

N
N

(3) R=

(5) R=

O

O

(7) R=

N

O

N

Scheme 3.1. Ligands used in Decomposition Studies
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3.1.2 Experimental
•

Materials
N-methylpropylamine (96%), propylamine (98%), 2-(methylamino)ethanol

(99%), 2-(2-methoxyethoxy)ethanol (99%), iron (II) chloride tetrahydrate (99+%), nickel
(II) chloride hexahydrate (99.9%), calcium hydride (93%), deuterochloroform (99.8% D),
deuterium oxide (99.8% D), and D6-dimethylsulfoxide (99.9% D) were obtained from
Acros Organics. Poly(ethylene oxide) monomethyl ether (Mn = 5,000, PDI = 1.04) and
cobalt (II) chloride hexahydrate (≥ 98%) were obtained from Fluka Chemical. Water
(HPLC grade), dimethylsulfoxide (BioReagent Grade), chloroform (ACS Grade), sodium
sulfate (ACS Grade), acetone (ACS Grade), sodium hydroxide (ACS Reagent Grade),
sodium carbonate (ACS Reagent Grade), and EDTA disodium salt dehydrate (Certified
ACS grade) were obtained from Fisher Scientific. Ethyl iodide was purchased from
Sigma Aldrich, ethanol was obtained from Alco-AAPER (95%) and 2,2’:6’,2”terpyridine (1) (99%) was obtained from Strem Chemical. All chemicals were used
without further purification unless otherwise noted.

•

Characterization
All 1H NMR spectra were recorded on a Bruker DPX 300 MHz spectrometer,

except for variable temperature scans, which were measured on a Bruker Avance 400
spectrometer,

in

deuterochloroform

or

deuterium

oxide,

and

referenced

to

tetramethylsilane.
UV-Vis spectra were recorded on a Hitachi U-3010 spectrophotometer, with
quartz cuvettes (Buck Scientific) for wavelength scans. Kinetic measurements were
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performed using HPLC water, with plastic cuvettes (Fisher Scientific) for iron
complexes, or a homemade rapid mixing unit based on a Buck Scientific flow cell for
cobalt complexes.

The decays of cobalt complexes were measured following the

procedure of Wilkins et al.,29 while those of iron complexes were characterized using a
modification to this procedure. The cobalt and iron complexes were decayed by adding a
20 – 100-fold excess of iron(II) chloride or nickel(II) chloride, respectively, and tracked
by monitoring the metal-ligand charge transfer (MLCT) band of the iron(II) biscomplexes for respective periods of 3600 or 70000 s. This MLCT band (peak intensities
at 553, 557, and 570 nm for non-substituted, ether-bridged, and amino-bridged
complexes, respectively) was chosen since it falls in a region of the spectrum
unpopulated by competing signals.

Experiments were conducted at multiple

concentrations between 0.1 and 0.5 mM to confirm that measured decay rates were first
order in concentration of the bis complexes.
Cyclic voltometry was conducted using a BASi Epsilon electrochemical
workstation with platinum working and auxiliary electrodes and an Ag/AgCl reference.
Measurements were conducted on aqueous solutions containing 100 mM of lithium
bromide as an electrolyte and 10 mM of bis complexes.

•

Synthetic Procedures
4’-chloro-2,2’:6’,2”-terpyridine, and 4‘-ethoxy-2,2‘:6‘,2‘‘-terpyridine (2) were

synthesized according to literature procedures42,51,52, as was mesylate-functionalized
PEO53. The synthesis of all other substituted terpyridines and terpyridine complexes used
in this study are described as follows.
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The nitrogen-bridged terpyridine ligands have also been produced using slight
variations on existing procedures.

While 4′-(N-2-hydroxyethyl-N-methylamino)-

2,2′:6′,2′′-terpyridine has been previously synthesized, the literature technique involved
producing the iron42 or zinc54 complex of 4’-chloro-2,2’:6’,2”-terpyridine. The presence
of the metal activated the 4’ positions of the 4’-chloro-2,2’:6’,2”-terpyridine to attack by
N-methylethanolamine, after which the complex was broken with a strong base and then
purified.

As in some previous studies41,55-57, it was found that simply reacting the

requisite amines with 4’-chloro-2,2’:6’,2”-terpyridine at high temperature in a pressure
vessel followed by precipitation resulted in successful synthesis of the required ligands.
To improve the yield of the end-functionalization of poly(ethylene oxide), 4′-(N2-hydroxyethyl-N-methylamino)-2,2′:6′,2′′-terpyridine was reacted with mesyl-PEO
instead of

4’-(N-2-hydroxyethylamino)-2,2':6',2''-terpyridine.

It was found that the

addition of the methyl group on the nitrogen atom improved the end-functionality of the
product to 95-97% using the same reaction conditions that had yielded only
approximately 70% previously. Its is postulated that the similarity of pKa of the alcohol
moiety and that of the secondary pyridyl amine58,59 were responsible for non-selective
deprotonation and the resultant poor yields. As discussed in subsequent sections, the
presence of the methyl group had little effect on the decays of both iron and cobalt
complexes. A diagram of selected ligands used in this study is included in Scheme 3.1.1.
4′-(N-2-Hydroxyethyl-N-methylamino)-2,2′:6′,2′′-terpyridine

To a 48 mL pressure

vessel were added 0.304 g of 4’-chloro-2,2’:6’,2”-terpyridine, 6 mL of Nmethylethanolamine and a stir bar. The dispersion of 4’-chloro-2,2’:6’,2”-terpyridine in
N-methyl ethanolamine was sparged for 30 min with nitrogen before the vessel was

70

quickly sealed. The vessel was wrapped in aluminum foil to help maintain a uniform
temperature. The vessel was then placed in a sand bath that was held at 250 ºC, as
measured from the bottom of the bath.

The reaction was allowed to stir at this

temperature for 48 h. After the vessel was moved from heat and allowed to cool, the
contents were observed to have changed from dispersion to a mauve liquid. This liquid
was added slowly to 125 mL of rapidly stirred water, resulting in the precipitation of the
pure product. The white powder obtained was dried in vacuo overnight to yield 0.286 g
(82%) of product. 1H NMR (CDCl3): δ = 8.64 (d, 2H), 8.61 (d, 2H), 7.84 (d, 2H), 7.80
(d, 2H), 7.30 (d, 2H), 3.94 (t, 2H), 3.72 (t, 2H), 3.52, (s, broad, hydroxyl group), 3.18 (s,
3H).

13

C NMR (CDCl3): δ = : 156.94, 155.80, 155.58, 148.69, 136.86, 123.50, 121.57,

103.90, 59.72, 53.77, 38.51. ESI-MS m/z = 307.2 (M+H)
4'-[2-(1-methoxyethoxy)ethoxy]-2,2':6',2''-terpyridine (3).

An oven-dried 50 mL

round bottom flask was fitted with a septum and purged with nitrogen gas for 15 min.
During the purging process, 0.13 g of powdered KOH was added to the flask. After 15
min, 10 mL of dry DMSO was added to the flask through the septa. The liquid was
sparged with nitrogen for 10 min while the flask was lowered into a 70 °C oil bath and 1
mL of diethylene glycol methyl ether was added via syringe. The mixture was stirred
under heat for 30 min before 0.2175 g of 4’-chloro-2,2’:6’,2”-terpyridine was added. The
mixture was stirred at the same temperature for another 10 h before removal from the oil
bath. The DMSO was then reduced to a volume of 1-2 mL using short-path distillation
(80 mTorr @ 70° C). The product was then precipitated by addition of the resulting
solution to 50 mL of rapidly stirred water in a dropwise manner. The pure product was
then filtered and dried, giving a fluffy white powder. Yield: 0.206 g (70.8%). 1H NMR
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(CDCl3): δ = 8.74 (d, 2H), 8.69 (d, 2H), 8.13 (s, 2H), 7.94 (t, 2H), 7.40 (t, 2H), 4.48 (t,
2H), 3.95 (t, 2H), 3.76 (m, 2H), 3.59 (m, 2H), 3.39 (s, 3H).

13

C NMR (CDCl3): δ =

166.99, 157.12, 156.07, 149.06, 136.81, 123.85, 121.35, 107.45, 72.00 70.92, 69.49,
67.82, 59.13 FAB-MS m/z = 352 (M+H)
α-terpyridyl-ω-methoxy-poly(ethylene oxide) (4a). In an oven dried 50 mL round
bottom flask 5.51 g of poly(ethylene oxide) methyl ether (MW = 5.0 kg/mol, PDI = 1.03)
was placed along with 0.22 g of powdered KOH. The flask was fitted with a septum and
purged with nitrogen gas for 15 min, after which 8 mL of anhydrous DMSO was added to
the flask via syringe. After adding the DMSO, the mixture was sparged with nitrogen gas
for 15 min. The flask was then placed in an oil bath that was heated to 70º C. The
mixture was heated for 30 minutes before 1 g of 4’-chloro-2,2’;6’,2”-terpyridine was
quickly added. The mixture immediately turned a bright pinkish red, which gradually
darkened to a brownish color.

After stirring for 48 h, the reaction mixture was

transferred into 400 mL of saturated EDTA solution, and the product was extracted into
chloroform (3 x 300mL). The organic layers were combined and dried with sodium
sulfate before being concentrated down to approximately 10 mL in vacuo. The product
was precipitated by dropwise addition into 600 mL of diethyl ether and filtered, followed
by drying of the product in vacuo. Yield: 4.67 g (84.9%). The1H spectra of this species
has been published elsewhere.8

End functionality by NMR: 95-97%

An identical

procedure was used to synthesize terpyridine functionalized with 1.1 kg/mol PEO (4b).
4′-(N-propylamino)-2,2′:6′,2′′-terpyridine (5). To a 48 mL pressure vessel were added
0.300 g of 4’-chloro-2,2’:6’,2”-terpyridine, 4 mL of propylamine and a stir bar. The
vessel was wrapped in aluminum foil and placed in a sand bath maintained at 220 ºC, as
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measured from the bottom of the bath.

The reaction was allowed to stir at this

temperature for 72 h before the mauve reaction mixture added to 75 mL of rapidly
stirring water, thus precipitating the pure product. The product was filtered and dried in
vacuo overnight. Yield: 0.2554 g (78%).

1

H NMR (CDCl3): δ = 8.66 (d, 2H), 8.59(d,

2H), 7.83(d, 2H), 7.66 (d, 2H), 7.30 (d, 2H), 4.38 (s, 1H, N-H), 3.33(t, 2H), 1.72 (t, 2H),
1.03 (t, 3H).

13

C NMR (CDCl3): δ = 156.84, 155.85, 155.47, 148.85, 136.74, 123.48,

121.35, 104.64, 44.75, 22.62, 11.53. ESI-MS m/z = 291.2 (M+H)
4′-(N-n-propyl -N-methylamino)-2,2′:6′,2′′-terpyridine (6). To a 48 mL pressure
vessel were added 0.289 g of 4’-chloro-2,2’:6’,2”-terpyridine, 2 mL of Nmethylpropylamine and a stir bar. The vessel was wrapped in aluminum foil and placed
in a sand bath that was maintained at 230 º C, as measured from the bottom of the bath.
The reaction was allowed to stir at this temperature for 48 h. The contents of the vessel
were transferred to a 50 mL round bottom flask, where the excess N-methylpropylamine
was removed in vacuo, leaving a light brown tar. This material was taken up into 15 mL
of chloroform and washed with water (2 x 15 mL). The organic phase was dried over
sodium sulfate and the chloroform was removed in vacuo. The resulting light brown
tacky solid was determined to be suitably pure by NMR and used without further
purification.

1

H NMR (CDCl3): δ =

8.68 (d, 2H), 8.61 (d, 2H), 7.83(d, 2H), 7.75(d,

2H), 3.53(t, 2H), 3.18 (s, 3H), 1.73 (t, 2H), 0.98 (t, 3H).

13

C: 157.24, 155.71, 155.51,

136.65, 123.32, 121.41, 103.63, 53.35, 38.09, 20.32, 11.48. FAB-MS m/z = 305 (M+H)
Poly(ethylene oxide) functionalized with 4′-(N-2-Hydroxyethyl-N-methylamino)2,2′:6′,2′′-terpyridine (7). An oven-dried 50 mL round-bottomed flask was charged with
0.095 g of 4′-(N-2-Hydroxyethyl-N-methylamino)-2,2′:6′,2′′-terpyridine, 0.0075 g of
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sodium hydride and an egg-shaped stir bar and fitted with a septum. After 10 min of
purging with nitrogen, 5 mL of anhydrous THF was added to the flask. The resultant
milky suspension was stirred while sparging with nitrogen for 10 min. After this time,
0.308 g of mesyl-functionalized PEO was added, and the mixture was heated to 60 ºC for
12 h. The mixture was next added to 75 mL of chloroform, and washed with a saturated
EDTA solution (2 x 50 mL). The organic phase was dried over sodium sulfate and
reduced to approximately 5 mL volume under reduced pressure. The polymer was then
precipitated by adding this solution dropwise to 100 mL of rapidly stirred ethyl ether.
The product was filtered and redissolved in chloroform (5 mL) and precipitated once
more in 100 mL of ethyl ether. The product was then filtered and dried in vacuo at room
temperate overnight. Yield: 0.115 g (37.3%) 1H NMR (CDCl3): δ = 8.68 (d 2H), 8.63
(d 2H), 7.86 (d, 2H), 7.81(d 2H), 7.32(d, 2H), 3.90-3.40 (m, 454H polymer backbone),
3.25 (s 3H N-Methyl) End functionality by NMR: 93-95%
Iron(II) and Cobalt(II) Complexes of 2,2′:6′,2′′-terpyridine.

Both (1)2FeCl2 and

(1)2CoCl2 were prepared according to previously described methods.60
Preparation of Complexes of (2) with Cobalt. Ligand (2) (0.2451 g) was dissolved in 3
mL of a 2:1 ethanol/acetone solution and added to a 1 mL solution containing 0.119 g of
cobalt(II) chloride hexahydrate. The brown solution was stirred in air for 40 h, after
which it was noticed that sedimentation had occurred. Water (2 mL) was added and the
solution was heated until it was no longer turbid, at which point any remaining insoluble
particles were removed via syringe filter.

After this, the product was allowed to

recrystallize from solution, giving brown granular crystals. Yield: 0.1811g (57.3%). 1H
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NMR (D2O): δ = 107.24, 66.04, 33.82, 13.13, 8.49, 8.23, 8.12, 8.00, 7.78, 7.47, 7.32,
7.11, 6.21, 1.57. ESI-MS m/z = 648.0 (M-Cl)
Preparation of Complexes of (3) with Cobalt. Ligand (3) (0.0506 g) and 0.0165 g of
cobalt(II) chloride hexahydrate were dissolved in 2.5 mL of ethanol and stirred while
being heated to approximately 60° C for 45 min. The solution was allowed to cool to
room temperature before being precipitated into rapidly stirring ethyl ether (50 mL). The
product was filtered and dried in vacuo. Yield: 0.0233 g (41.8%). 1H NMR (D2O): δ =
108.32, 66.35, 65.63, 34.26, 8.49, 7.23, 6.67, 4.61, 4.43, 2.11. m/z = 360.9 (M – Cl CH3-O-(CH2)2-OH + H)2+
Preparation of Complexes of (3) with Iron. Ligand (6) (0.044 g) and 0.0116 g of
iron(II) chloride tetrahydrate were dissolved in 2.5 mL of ethanol in a small vial. The
solution was heated to 60 °C for 45 min. The solution was then allowed to cool to room
temperature before being precipitated into rapidly stirring ethyl ether (50 mL). The
product was filtered and dried in vacuo. Yield: 0.0275 g (52.9%). 1H NMR (D2O): δ =
8.49 (s, 2H), 8.38 (d, 2H), 7.79 (t, 2H), 7.16 (d, 2H), 6.99 (t, 2H), 4.15 (t, 2H), 3.87 (m,
2H), 3.72 (m, 2H), 3.39 (s, 3H), 2.17 (s, 2H). ESI-MS m/z = 921.0 (M – Cl + FeCl2),
793.1 (M – Cl), 442.0 (M -(6) –Cl),
Preparation of Complexes of (4a) and (4b) with Iron and Cobalt
An appropriate amount of either iron(II) chloride tetrahydate or cobalt (II) chloride
hexahydrate was weighed into a vial with 2 equivalents of (4). The appropriate amount
of water (D2O for NMR studies) was added to achieve the desired concentration, and the
purple (iron) or brown (cobalt) mixture was stirred for at least 1 h before further use.
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(4a)2FeCl2 1H NMR (D2O): δ = 8.43 (s, 4H), 8.33(s, 4H), 7.72(s,4H), 7.07 (s, 4H), 6.94
(s,4H), 3.90-3.0 (m, 908H, polymer backbone)
(4a)2CoCl2 1H NMR (D2O): δ = 107.96, 66.64, 34.29, 13.39, 8.65, 8.20, 7.41, 7.23, 6.75,
5.77, 4.94, 4.35, 4.5-2.5 (m, 908H, polymer backbone)
The complex (4b)2CoCl2 was prepared in the same manner as complex (7a).
Preparation of Complexes of (5) with Cobalt. Ligand (5) (0.0578 g) and 0.0245 g of
cobalt(II) chloride hexahydrate were added to 4 mL of water in a small vial. The mixture
was stirred for 1 h and filtered into a second vial. Compound (11) was recrystallized
from said solution, yielding granular brown crystals. Yield: 0.053 g (74.9%). 1H NMR
(D2O): δ = 8.32 (d, 2H), 7.96 (d, 2H), 7.31 (d, 2H), 3.53 (t, 2H), 1.76 (m, 2H), 1.01 (s,
3H). ESI-MS m/z = 674.1 (M – Cl – H), 637.2 (M- 2Cl – 2H).
Preparation of Complexes of (5) with Iron. In a 20mL vial, 0.1057 g of (5) and 0.0366
g of iron(II) chloride tetrahydrate were mixed. A 1:1 v/v water/ethanol solution was
added (2 mL), and the purple solution was stirred under mild heating for 1 h. During this
time sedimentation of the product occurred.

After cooling to room temperate, the

supernatant was decanted, and the product was dried in vacuo. Yield: 0.083 g (58.3%).
1

H NMR (D2O): δ = 8.17 (d, 4H), 7.93 (s, 4H), 7.65 (t, 4H), 7.16 (d, 4H), 6.88 (t, 4H),

3.48 (t, 4H), 1.78 (m, 4H), 1.03 (t, 4H). ESI-MS m/z = 671.0 (M – Cl), 603 (M – Cl – 2Pr
+ OH-), 381.0 (M – CL – (2)), 318 (M – 2Cl) 2+
Preparation of Complexes of (6) with Cobalt. In a 20mL vial, 0.062 g of (6) and
0.0242 g of cobalt(II) chloride hexahydrate were dissolved in 2 mL of 1:1 v/v
water/ethanol. The mixture was stirred for 1 h and the product was recrystallized from
the reaction mixture, giving square brown crystals. 1H NMR (D2O): δ = 8.49 (d, 4H),

76

8.12 (t, 4H), 8.09 (s, 4H), 7.43 (d, 4H), 7.33 (t, 4H), 3.89 (t, 4H), 3.53 (s, 6H), 1.91 (m,
4H), 1.09 (t, 6H) ESI-MS m/z = 702.1 (M – Cl), 398.0 (M – Cl – (3)), 334.0 (M – 2Cl)2+,
319.0 (M – 2Cl – 2Me) 2+ Yield: 0.0254 g (30.0%).
Preparation of Complexes of (6) with Iron. In a 20mL vial, 0.052 g of (6) was
dissolved in 0.5 mL of acetone, to which 0.019 g of iron(II) chloride tetrahydrate in 0.5
mL water was added. The purple solution was stirred for 30 min, and the product was
recrystallized from the reaction mixture, giving granular red crystals. Yield: 0.0233 g
(37.0%) 1H NMR (D2O): δ = 8.23 (d, 4H), 7.98 (s, 4H), 7.64 (t, 4H), 7.12 (d, 4H), 6.88
(t, 4H), 3.74 (t, 4H), 3.36 (s, 6H), 1.81 (m, 4H), 1.00 (t, 6H). ESI-MS m/z = 699.1 (M –
Cl), 332.1 (M – 2Cl) 2+
Preparation of Complexes of (7) with Iron and Cobalt. Complexes of (7) were
prepared using the same technique as those used for (4a), except that the cobalt
complexes were left in air for at least 1 d to ensure complete oxidation of cobalt(II) to
cobalt(III).
(7)2FeCl2 (18) 1H NMR (D2O): δ = 8.43 (d, 4H), 8.21 (s, 4H), 7.80 (t, 4H), 7.23 (d,4H),
7.05 (t, 4H), 4.09 (4H), 4.01(s, 6H), 3.90-3.25 (m, 908H, polymer backbone)
(7)2CoCl2 (7b) 1H NMR (D2O): δ = 8.49 (d, 4H), 8.19 (t, 4H), 8.10 (s, 4H), 7.41 (d, 4H),
7.34 (t, 4H), 4.20 – 3.10 (m, 908H, polymer backbone)
3.1.3 Results and Discussion
3.1.3.1 Kinetic stabilities of bis-terpyridine Co(II) complexes
Formation of bis terpyridine complexes of transition metals occurs by a two-step,
reversible addition of ligands, as summarized in Scheme 3.1.2.

The forward and

backward rate constants for formation of the mono complex are denoted as k1 and k-1,
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respectively, and those for the bis complex are k2 and k-2. In the current study, we are
concerned with k-2, which determines the kinetic stability of the supramolecular bond
between two ligands.

N

N
N + M(II)
N

N

N

k1
k-1

N M(II)
N

N

k2
k-2

N N
N

M(II) N

N N

Scheme 3.2 Reaction of terpyridine ligands with a bivalent metal salt to form a
mono and subsequently a bis complex.

The decay of bis cobalt complexes was measured using the method of Wilkins, et
al.6 Specifically, a 20-100 fold excess of iron(II) chloride was added to a solution of
cobalt complexes in water, and the growth of the metal ligand charge transfer (MLCT)
band of the resulting iron bis complexes was measured, as shown in Figure 3.1.1 for three
example complexes. To analyze these data, we make two assumptions about the kinetics
in the initial portion of each curve, based on literature values of the rate constants for
terpyridine (1).6,60 First, we assume that all ligands freed by decay of cobalt complexes
rapidly form part of a bis iron complex, and thus the iron MLCT signal is proportional to
the total amount of terpyridine liberated. This assumption is justified for terpyridine,
since the slowest step in formation of iron(II) bis complexes is disproportionation of
iron(II) mono complexes formed initially; this process is governed by k-1 for iron (6.3*103 -1 29

s ) , which is ~ 4 times larger than k-2 for cobalt (1.1 – 1.4*10-3 s-1)29,60. Second, we

assume that the initial kinetics are dominated by decay of the bis, rather than mono,
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cobalt complexes, since k-1 for cobalt is roughly an order of magnitude smaller than k-2 (k1=

1*10-4 s-1, k-2 = 1.1*10-3 s-1)29. As shown in Figure 3.1.1 for the unsubstituted ligand

complex (1)2CoCl2, a single exponential curve could be used to accurately fit the initial
region of the kinetic data (0 - 400 s), thus providing a value of k-2 = 1.1*10-3 s-1, which is
in excellent agreement with the literature values determined by complex decay and ligand
exchange (1.1*10-3 s-1 and 1.4*10-3 s-1, respectively).29,60 The clear deviation from singleexponential behavior at later times in Figure 3.1.1 reflects the contributions from the
decay of the cobalt mono complex (k-1).

Figure 3.1 Decay of selected bis-terpyridine cobalt complexes, as determined by
monitoring the growth in absorbance of the MLCT band formed upon reaction with
excess iron. The unsubstituted ligand (1) and ether-substituted ligand (4a) yield
decay curves that are well described by a single exponential over the first 400 s
(solid red line over the fitted range, extended as a dotted red line). At later times,
substantial departures from single exponential behavior are apparent. The aminesubstituted ligand (7) yielded negligible decay over the same time period. Rate
constants extracted from these data are summarized in Table 3.1.1.

Using the same methodology, we determined values of k-2 for the cobalt
complexes of each of the different substituted ligands, as summarized in Table 3.1.1.
Notably, the largest values measured approach the literature value of k-1 for iron
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complexes of terpyridine, calling into question the first assumption described above.
Thus, we provide the caveat that, depending on how k-1 for iron is shifted by substituent
effects, the larger values of k-2 for cobalt reported in Table 3.1.1 may represent
underestimates.
Table 3.1 Decay Rates of Cobalt bis-Teryridine Complexes

Ligand

Complex

k-2*103 s-1

2,2′:6′,2′′-terpyridine

(1)2Co(II)

1.10 ± 0.05

4‘-Ethoxy-2,2‘:6‘,2‘‘-terpyridine

(2)2Co(II)

5.5 ± 0.1

4'-[2-(1-methoxyethoxy)ethoxy]-2,2':6',2''-terpyridine

(3)2Co(II)

4.77 ± 0.05

5k PEO-terpyridine

(4a)2Co(II) 1.50 ± 0.04

1.1k PEO-terpyridine

(4b)2Co(II) 3.96 ± 0.03

4′-(N-n-propylamino)-2,2′:6′,2′′-terpyridine

(5)2Co(III)

< 7 * 10-5

4′-(N-n-propyl -N-methylamino)-2,2′:6′,2′′-terpyridine (6)2Co(III)

< 1.3 * 10-5

5k PEO-N(methyl)-terpyridine

(7)2Co(III)

< 4.0 * 10-5

5k PEO-N(methyl)-terpyridine (anaerobic, cobalt (II))

(7)2Co(II)

1.6 ± 0.5

We first consider cobalt complexes of the ether-substituted ligands (2) – (4).
Interestingly, the ethoxy-substituted ligand (2) yields a decay constant of 5.5*10-3 s-1,
five-fold larger than the non-substituted complex (1). As the ether linkage represents the
most common means for attaching terpyridine to polymer chains, we also considered two
different end-functionalized polyethylene oxide (PEO) ligands (4a) and (4b) with
respective molecular weights of 5 kg/mol and 1.1 kg/mol. Surprisingly, (4a)2CoCl2 gave
a value of 1.5*10-3 s-1, only about 50% more rapid than terpyridine, while (4b)2CoCl2
showed almost four-fold faster decay (4.0*10-3 s-1).
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Notably, the diethylene glycol

functionalized ligand (3) gave a value (4.77*10-3 s-1) similar to the ethoxy-functionalized
ligand, but three-times larger than the polymer-bound ligand (4a). This suggests that the
slower decays found for PEO-functionalized ligands with ether linkages, compared to
their small molecule analogs, do not reflect a difference in electronic effects, but instead
must arise due to the polymeric nature of the substituents. We initially suspected that the
PEO chains slowed decomposition as compared to complexes (2)2CoCl2 and (3)2CoCl2
either by coordinating to cobalt, thereby enhancing the stability of the bis complexes, or
by increasing the viscosity locally in the vicinity of the complexes. However, when
complex (2)2CoCl2 was decomposed in the presence of an equimolar amount of 5k PEO,
no change in k-2 was observed, and even a 5k-PEO concentration of 66 mg/mL (~80 % of
the overlap concentration61,62) yielded a minor increase in decay rate to 6.4*10-3 s-1. We
note that excluded volume effects could be important as well, but these are expected to
lead to faster decay of polymer-functionalized ligands, i.e., due to the tension applied to
the chain, whereas in this case we find that the higher molecular weight ligand leads to
significantly slower decay. Further study is required to understand this effect.
Perhaps the most interesting aspect of the decay of cobalt complexes is that the
amino-substituted terpyridine complexes are almost completely kinetically inert. Unlike
the non-functionalized and ether-bridged cobalt complexes, there was no visual
indication of decomposition over the span of one week. While small changes in the UVvis spectrum were observed, the absorbance at 570 nm actually decreased slightly over
time, as can be seen in Figure 3.1.1 for a cobalt complex of ligand (7), most likely due to
formation of iron oxide from iron(II) chloride. In Table 3.1.1, we list upper bounds of k-2
for bis cobalt complexes of ligands (5) - (7), corresponding to the fastest possible decays

81

that could be obscured by this decrease in absorbance. These values are of order 10-8 s-1,
corresponding to at least a four to five order of magnitude reduction in decay rate
compared to the ether- and non-functionalized terpyridine ligands.
The remarkable stability of the amino-linked compounds reflects a ligandfacilitated oxidation of the cobalt center to Co(III) by atmospheric oxygen. This behavior
is common for cobalt complexes of ammonia and aliphatic amines,63 but the only
example of which we are aware for terpyridine ligands involves 4,4’,4”tris(diethylamino)terpyridine.47 However, there are also previous examples in which
cobalt(II) complexes of terpyridine ligands were intentionally converted to cobalt(III) by
chemical oxidation to increase complex stability.22,64
To prove our supposition that oxidation to cobalt(III) is responsible for the
enhanced stability of amine-linked complexes, we prepared an anaerobic solution of
complex (7)2CoCl2 by sparging the water, and purging the mixing apparatus and all
containers, with nitrogen, and then measuring decomposition within 10 min of complex
preparation. Under these conditions, the bis cobalt complex of (7) yielded k-2 = 1.6 *10-3
s-1, a value very similar to that of its ether-linked counterpart (4a), and just within the
uncertainty (95% confidence interval) of that for terpyridine. These results indicate that
the excess electron density provided by the 4’ amino substituent inherently has little
effect on the bis complex stability relative to non-substituted terpyridine, with perhaps a
slight destabilization in similar fashion to the ether substituents, though the large
uncertainty in the anaerobic measurement precludes making this conclusion with a high
level of confidence. The main effect of the nitrogen-based substituents is that they
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greatly facilitate oxidation of the complex to Co(III), thereby providing an apparently
dramatic increase in stability.
The effects of cobalt oxidation on stability of the complexes are twofold. Apart
from the increase in electrostatic attraction between the cobalt center and the ligand due
to the change of oxidation state from (II) to (III), there is an additional gain in stability
due to the change from a distorted d7 to a truly octahedral d6 complex. The Jahn-Teller
distortion of cobalt(II) complexes of terpyridine is most likely the reason for their much
decreased stability as compared to d6 terpyridine complexes, such as iron(II) and the
kinetically inert Ru(II) complexes of terpyridine.65,66

Further characterization of the

resulting Co(III) complexes are provided in a subsequent section.
3.1.4.2 Kinetic stabilities of bis-terpyridine Fe(II) complexes
The importance of substituent chemistry on the lifetimes of cobalt complexes
raises the question of whether similar effects apply to complexes of different metal ions.
Toward this end, we have also measured the values of k-2 for bis-complexes of iron(II) for
most of the same ligands, with nickel(II) as the decomposing ion. Since k-1 is more than
four orders of magnitude larger than k-2 for iron(II) terpyridine complexes,29,60 decay of
the bis complex is the rate limiting step and k-2 can be directly determined from a single
exponential fit to the decrease of the MLCT band of the bis-terpyridine iron(II) complex.
While we are unaware of previous reports of using nickel(II) to decompose iron(II)
terpyridine complexes, we found the process to be suitable due to the relative
thermodynamic stability of the nickel mono complex.

Specifically, a comparison

between the value of β12 = K1*K2 for the bis-terpyridine iron(II) complex29 (1020.9) and
the square of K1 for the nickel(II) mono complex29 (K12 = 1021.4), reveals that in the
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presence of excess nickel, the equilibrium state will be predominantly the nickel mono
complex. As shown in Figure 3.1.2, a single exponential fit to the decay of the MLCT
signal yields a value of k-2 for (1)2FeCl2 of 1.5 * 10-7 s-1 (at 21.5 ºC) which agrees well
with the published value (1.66 * 10-7 s-1 at 25 ºC) obtained by ligand exchange,60
confirming the validity of our procedure. For the substituted complexes, this method is
also suitable provided that the substituent groups do not dramatically stabilize the iron
mono or bis complexes. Our studies show directly that the bis iron(II) complexes of
substituted ligands are decomposed by excess nickel(II), and even were the iron mono
complex to be stabilized, the smaller optical density of its MLCT band (less than one
tenth that of the bis complex60) means that the observed signal would still be dominated
by bis complex decay.

Figure 3.2 Decay of selected bis-terpyridine iron complexes, as directly determined
by monitoring the decrease in MLCT absorbance in the presence of excess nickel.
For the unsubstituted, ether-funtionalized, and amine-functionalized ligands (1),
(4a), and (7), respectively, data could be well described by a single exponential fit
(solid red line). The resulting rate constants, summarized in Table 3.1.2, varied by
as much as a factor of roughly 30.
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The decay constants for iron(II) complexes of terpyridine ligands also show a
significant dependence on 4’- substitution, as summarized in Table 3.1.2. Interestingly,
ether linked ligands (3) and (4a) yield rate constants of 2.8 * 10-6 s-1, and 5.0 * 10-6 s-1, or
19 and 33 times faster than the unmodified terpyridine complex, respectively. For the
amine-linked ligands (5) - (7), the values range from 1.6 * 10-6 s-1 to 2.2 * 10-6 s-1, each at
least an order of magnitude faster than for terpyridine. Thus, the iron(II) complexes show
even more pronounced decreases in kinetic stability than cobalt(II) due to substitution at
the 4’ position with either amine or ether functionalities. The values in Table 3.1.2
further demonstrate the complexity in the behavior of the polymer-bound terpyridine
ligands. While for ether-linked species, the 5 kg/mol PEO sample (4a) showed an ~ 80%
larger decay constant than the corresponding small molecule compound (3), for the
amine-linked species the 5 kg/mol PEO ligand (7) showed a roughly 25% smaller value
than the corresponding ligands (5) and (6). Though this effect needs further study, these
data suggest that the electronic effects due to 4’ substitution and those arising from the
presence of a polymeric ligand are not additive in a simple way.
Table 3.2 Decay of Iron Bis-Complexes of Terpyridine Ligands
Ligand

Complex

k-2*106 s-1

2,2′:6′,2′′-terpyridine
4'-[2-(1-methoxyethoxy)ethoxy]-2,2':6',2''-terpyridine
5k PEO-terpyridine

(1)2Fe(II)
(3)2Fe(II)
(4a)2Fe(II)

0.150 ± 0.002
2.79 ± 0.01
5.00 ± 0.03

4′-(N-n-propylamino)-2,2′:6′,2′′-terpyridine

(5)2Fe(II)

2.10 ± 0.01

4′-(N-n-propyl -N-methylamino)-2,2′:6′,2′′-terpyridine
5k PEO-N(methy)-terpyridine

(6)2Fe(II)
(7)2Fe(II)
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2.23 ± 0.01
1.64 ± 0.01

3.1.3.3 Cyclic Voltammetry of Cobalt Complexes
To directly test the electron donating or withdrawing characteristics of the 4’
amine and ether substituents, we conducted cyclic voltammetry scans on bis cobalt
complexes of ligands (1), (3), and (6). Electron donating substituents should facilitate
oxidation to Co(III), thus leading to a more negative oxidation potential, and vice versa
for electron withdrawing substituents. As shown in Table 3.1.3, the nitrogen-linked
ligand (5) yields the most negative oxidation potential of -0.17 V for the
cobalt(II)/cobalt(III) transition, with the corresponding reductive process at -0.29 V,
consistent with our observations that amine substitution at the 4’ position leads to
oxidation in air to cobalt(III) complexes. The ether-linked ligand (3), in contrast, shows
oxidation at 1.10 V and reduction at 0.74 V. The bis-terpyridine complex shows a
cobalt(II)/cobalt(III) transition at 0.08 V with the corresponding reduction at -0.02 V, in
good agreement with previously published data.67 Interestingly, a further reduction from
cobalt(II) to cobalt(I), previously reported for bis-terpyridine cobalt(II) complexes,68,69
was found for terpyridine at -0.92 V (with the corresponding oxidation at -0.79 V), but
was not observed in either of the substituted complexes.
Table 3.3 Reduction and oxidation potentials of selected cobalt complexes for the
Co(III)/Co(II) redox couple.
Complex

Oxidation Potential

Reduction Potential

(3)2Co(II)
(1)2Co(II)
(5)2Co(III)

1.10 V
0.08 V
-0.17 V

0.74 V
-0.02 V
-0.29 V
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For all three complexes, the difference in oxidation and reduction potentials ∆Ep
was larger than the value of 59 mV expected for a reversible one-electron process.70
The oxygen-substituted complex had the largest ∆Ep, of around 360 mV, which is a
greater than for any other reported terpyridine complex of which we are aware. The
current measured during oxidation was also greater than during reduction, denoting some
degree of irreversibility. The amino complex showed a ∆Ep of around 120 mV, while the
unsubstituted complex showed a ∆Ep of around 100 mV, both values being closer to
those previously reported for bis-tridentate ligand complexes of Co(II).71,72 For the
amino- and unsubstituted complexes, the magnitude of the oxidation and reduction
currents were approximately equal.
Previous studies of d6 systems have shown that properties such as the redox
potentials depend on the Hammet constant of the substituent group, which places the
electron donating ability of ether groups below that of amino groups,46-48 but above that
of unsubstituted compounds. However, the highly positive oxidation potential of the bis
complex of ligand (3) indicates that the ether-linkage leads to a net withdrawal of
electron density from the ligand, whereas the opposite is true for the amino-linked ligand
(6). This suggests that, for the ligands considered here, the inductive electron withdrawal
of the oxygen atom dominates over resonance stabilization.
Considered in light of these CV data, the rate constants reported in Table 3.1.1
point to an unexpected result. While ether and amine substituents at the 4’ position are
found to be electron withdrawing and donating, the unmodified ligand shows a smaller
dissociation rate constant k-2 for cobalt(II) complexes than either (or possibly equal in the
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case of amine-substituents). Thus, the unmodified ligand appears to be nearly optimal in
electron density, as far as kinetic stability of cobalt(II) complexes is concerned.

3.1.3.4 Spectroscopic Characterization of the Oxidation of Amine- Substituted
Cobalt Complexes
Further information on the facilitation of the oxidation from Co(II) to Co(III) by
amine-linked

ligands

was

provided

by

NMR

spectroscopy

and

UV-Vis

spectrophotometry. For NMR measurements, a solution containing a molar ratio of 2:1
(7)/cobalt(II) chloride was prepared in D2O and measured within 5 min of mixing.
Knight-shifted proton peaks between 20 and 100 ppm revealed the presence of a
paramagnetic cobalt(II) complex. The solution was not kept oxygen free, however, and
within 1 h the formation of (7)2Co(III) was noticeable from the disappearance of the
Knight-shifted protons. After 48 h, (7)2Co(III) was the sole detectable species in solution
(spectra are shown in Appendix 3A, Figure 3.A.1).
For characterization by UV-Vis, a solution containing 0.1 mM (6) and 0.05 mM
cobalt(II) chloride was prepared, and a spectrum recorded within 10 min of mixing. Air
was then bubbled into the solution over a period of 30 min, resulting in oxidation of the
intermediate complex into (6)2Co(III), after which a second spectrum was recorded. As
can be determined from Figure 3.1.3, the absorption band corresponding to either the d-d
transitions or MLCT band73-75 centered at approximately 376 nm is reduced dramatically
upon oxidation from cobalt(II) to cobalt(III), similar to previously reported
observations.76
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Figure 3.3 UV-vis spectra reveal that the freshly mixed bis complex of ligand (7)
with Co(II) (gray line) is oxidized to Co(III) (black line) upon bubbling of air
through the solution.

3.1.3.5 NMR Spectra of Cobalt Complexes
While the presence of Knight shifted peaks in NMR spectra for Co(II) species are
well documented,77-79 all of the substituted terpyridine-cobalt(II) complexes measured
here (including the unoxidized amino complexes), displayed a series of additional smaller
peaks. Impurities, mono-complexes, and Co(III) species were ruled out as the source of
these peaks by studies on model compounds (see Appendix 2A), and the observed shifts
did not match those of uncomplexed ligands. Interestingly, these peaks were present in
D2O, as well as d6-DMSO and d3-acetonitrile, suggesting that the peaks are not the result
of a spin equilibrium, as the presence of a spin crossover for cobalt-terpyridine
complexes is known to depend on the solvent.79,80 Together, these observations suggest
that the secondary peaks arise from the influence of the paramagnetic metal center on the
chemical shifts of protons on the 4’-subsituent groups.

Notably, with increasing

temperature, these peaks gradually broadened and eventually disappeared, as shown in
Figure 3.1.4 for (7)2CoCl2. matching the typical behavior for paramagnetically perturbed
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spins.81-83 Interestingly, as shown in Table 3.1.4 for the ether-substituted species, the
intensities of these peaks was found to be positively correlated with the kinetic stability
of the bis complexes. The reasons for this behavior remain under investigation.

Figure 3.4 NMR spectra of bis complexes of ligand (7c) with Co(II) in D2O show a
series of secondary peaks that broaden and disappear with increasing temperature.

Table 3.4 Comparison of the secondary NMR peak intensity with the rate of decay
of the cobalt(II) bis complexes of ether-substituted terpyridines.
Relative
Secondary Peak
Intensity

k-2*103 s-1

Ligand

Complex

4‘-Ethoxy-2,2‘:6‘,2‘‘terpyridine

(2)2Co(II)

4'-[2-(1-methoxyethoxy)ethoxy]2,2':6',2''-terpyridine

(3)2Co(II)

0.13

4.77

1.1k PEO-terpyridine

(4b)2Co(II)

0.29

3.96

5k PEO-terpyridine

(4a)2Co(II)

0.31

1.5
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0.10

5.5

3.1.3.6 Dependence of Polymer Molecular Weight on Kinetics
In the previous sections, the terpy-PEO samples use were all of molecular weight
Mn =5,000 g/mol, save for sample 4b (Mn = 1.1k g/mol), which was only characterized
as a cobalt complex. Interestingly, the ether-linked cobalt species had a wide range of
decay rates, from 1.70*10-3 s-1 to 5.5*10-3 s-1. For the iron samples too, (3)2Fe(II)
(diethylene glycol methyl ether substitutent) decayed at approximately half the rate of
(4a)2Fe(II) (5k PEO substitutuent).

Control experiments conducted on the cobalt

complexes (see section 3.1.4.1) eliminated the possibility of the PEO chain acting as a
ligand, as well as local viscosity effects, leaving the reason for this phenomenon still
poorly understood.
To gain a more complete picture of the effect of molecular weight on the stability
of iron and cobalt complexes, terpyridine-functionalized PEO samples of 12.3k g/mol
and 41k g/mol molecular weights were utilized, and a decay experiment for iron with the
1.1k PEO ligand (4b) was conducted. These new ligands were designated (4c) (12.3k
PEO) and (4d) (41k PEO), and were synthesized using the same methods as for (4b) and
(4a), from PEO-methyl ether polymers purchased from Polymer Source.

All these

additional ligands had a >95% end capping with terpyridine. A 93k g/mol PEO-based
ligand was also considered, but was too large to be accurately studied by NMR and had
too low of an overlap concentration for practical kinetics studies. For kinetics studies
involving ligands (4c) and (4d), concentration of the complexes was lowered to keep the
solution well below the overlap regime.
The decay constants cobalt complexes of the new ligands are shown in Table
3.1.5, with the previously recorded data for ligands (3) and (4a). It can be deduced from
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the data that there is a definite increase in decay rate for the iron complexes as the
molecular weight increases from the 5k ligand (k-2 = 5.00*10-6 s-1), with the complexes
(4c)2Fe(II) and (4d)2Fe(II) decaying at k-2 = 57.*10-6 s-1 and k-2 =

6.61*10-6 s-1,

respectively. Additionally, the complex of the 1.1k ligand (4b)2Fe(II) decayed at a rate
of k-2 = 3.80*10-6 s-1, and the N = 2 PEO ligand (diethylene glycol methyl ether
substitutent) (3)2Fe(II) decayed at a rate of 2.79*10-6 s-1, giving a slight, but unmistakable
dependence of the decay rate on the molecular weight.
Table 3.5 Decay Rates of Iron Complexes Based on the Number of Repeat Units (N)
of the PEO Substituent
Ligand

Complex

N

k-2*106 s-1

4'-[2-(1-methoxyethoxy)ethoxy]-2,2':6',2''terpyridine

(3)2Fe(II)

2

2.79 ± 0.01

1.1kk PEO-terpyridine

(4b)2Fe(II)

25

3.80 ± 0.05

5k PEO-terpyridine

(4a)2Fe(II)

114

5.00 ± 0.03

12.3k PEO-terpyridine

(4c)2Fe(II)

280

5.7 ± 0.1

41k PEO-terpyridine

(4d)2Fe(II)

932

6.61 ± 0.02

One possible explanation for these results is that the excluded volume effect
factors into the decay rate of these complexes. Tension applied to the polymer chain via
the excluded volume effect could lower the activation energy of dissociation for the
complex, resulting in faster decays as the complex increases in molecular weight. A plot
of the decay rate versus chain length for the iron complexes is shown in Figure 3.1.5,
along with a power law fit of the data. The power law fit reveals a relationship of k-2 ~
N0.14 for the iron complexes. Incidentally, the exponent is very close to the inverse of the
relationship predicted by Khokhlov for two equal-length chains participating in an endto-end chemically controlled association reaction (ka ~ N-0.16),84 and agrees reasonably
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well with the dependence of polymer bond strength on excuded volume by Khalatur.85
While this is not hard evidence of a pronounced excluded volume effect, it certainly
underlines the need for more study of these complexes.
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Figure 3.5 Dependence of Iron Complex Decay Rate on Length of Substituent
Polymer. The data points from Table 3.5 are denoted by black dots, while the
power law fit is shown as a red line.

The results of the kinetic decay studies of cobalt complexes of the new ligands are
shown in Table 3.1.5, alongside the previously recorded values.

It can clearly be

determined from Table 3.1.6 that ligand (4a) (5k PEO) is the most slowly decaying
species, which is surprising given the results for the iron complexes discussed above.
The most rapidly decaying cobalt species was found to be N = 1 species (2)2Co(II) at k-2
= 5.5*10-3 s-1, closely followed by the N = 2 species, (3)2Co(II) at k-2 = 4.77*10-3 s-1.
The inverse relationship between chain lengths and decay rates is continued by the 1.1k
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and 5k PEO ligands, with decay rates of k-2 = 3.96*10-3 s-1 and k-2 = 1.5*10-3 s-1,
respectively. This trend is reversed at higher molecular weights, however, with the 12.3k
species decaying at k-2 = 2.3*10-3 s-1, and the 41k species decaying at k-2 = 5.09*10-3 s-1.

Table 3.6 Decay Rates of Cobalt Complexes Based on the Number of Repeat Units
(N) of the PEO Substituent
Ligand

Complex

N

k-2*103

4‘-Ethoxy-2,2‘:6‘,2‘‘-terpyridine
4'-[2-(1-methoxyethoxy)ethoxy]-2,2':6',2''terpyridine
1.1k PEO-terpyridine
5k PEO-terpyridine
12.3K PEO-terpy
41K PEO-terpy

(2)2Co(II)

1

5.5±0.1

(3)2Co(II)

2

4.77±0.05

(4b)2Co(II) 25 3.96±0.03
(4a)2Co(II) 114 1.5±0.04
(4c)2Co(II) 280 2.3±0.04
(4d)2Co(II) 932 5.09±0.09

The dependence of the molecular weight on the decay of these cobalt complexes
is puzzling indeed; it appears that ligand of weight over 5,000 g/mol behave similar to the
iron complexes, while those below this molecular weight decay more rapidly as the
polymer chains become smaller. It is interesting to note that the increase in decay rate
with increasing molecular weight does not begin until the 5k ligand, which when
associated (final weight ~ 10k g/mol) is the first polymer in the series above the rod-coil
threshold of ~ 6k g/mol,86, which would suggest that the polymer chain architecture in
solution may have an effect on the decay rate.
What is most puzzling is why the iron complexes do not exhibit a similar
behavior, as the structures of the iron and cobalt complexes on the macromolecular scale
should be similar. The largest difference in the complexes is the Jahn-Teller distortion of
the cobalt complex due to the unpaired Eg d-electron. This leads one to wonder if the
dynamics of the polymer coils provides some stabilizing effect to the distorted complex
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which the lower molecular weight polymer rods to not. Regardless of the origin of the
phenomenon, more research is required before specific theories can be tested.
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PART 3.2

EFFECT OF THIOETHER AND SULFONYL LINKAGES ON PEOBASED MACROMOLECULAR TERPYRIDINE COMPLEXES

3.2.1 Introduction
In the previous section, the effects of amino and ether substitutions on the 4’
position of terpyridine molecules on the kinetic stability of the bis complexes of these
ligands with iron(II) and cobalt(II) were investigated.

This study was performed

primarily with determining how the chemistry commonly used to link terpyridine to
polymers affected kinetic stability. To more expand this study, sulfur linking chemistries
were added to the ligands employed, using the techniques previously defined to
investigate the kinetic stability of bis complexes of thioether and sulfone-linked
terpyridine-fiunctionalized poly(ethylene oxide).
Previously, Constable et al. outlined a convenient synthesis of 2,2′:6′,2″Terpyridine-4′(1′H)-thione from 4’-chloro-2,2’:6’,2”-terpyridine.87 The compound was
found to be able to self-react by forming disulfide linkers in the presence of a base and
iodine, thus creating a difunctional ligand.88 It was also shown to be capable of forming a
monolayer on a gold surface, creating redox-active surfaces.89

Most important to this

study, however, is the ability of the thione-terpyridine analogue to displace mesyl87 and
tosyl90 via SN2 reaction after being deprotonated with a base. This reaction is similar to
that employed with the oxygen analogue, 2,6-Bis(2-pyridyl)-4(1H)-pyridone.91

The

reaction is subtable for use with mesyl-functionalized PEO, in order to create thioetherlinked terpyridine-functionalized polymers.
Another factor influencing the choice of sulfur as the atom linking the terpyridine
to the polymer is the ability of the thioether to be conveniently oxidized by mchloroperbenzioc acid, thus creating a sulfoxide. This reaction has been used to create
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4’-methansulfonyl-2,2’:6’,2”-terpyridine from 4’-methylthio-2,’2:6’,2”-terpyridine,92 an
intermediate in the synthesis of 2,2’:6’,2”-terpyridine.93 This reaction gives another
method by which the electron density of the ligand can be modified. The Hammet
constants as measured by McDaniel and Brown94 for the p-thioether and pmethylsulfonyl groups are 0.034 and 0.71 in 1:1 water/ethanol.

While this is a

considerable difference, it was found in our previous study that the Hammet constants of
the substitutent do not necessarily determine how the kinetic stability of the bis
complexes will be affected.
In this study, terpyridine-functionalized poly(ethylene oxide) is synthesized from
mesyl-functionalized PEO (Mn=5000 g/mol), creating thioether-linked PEO-terpy. The
macromolecular ligand is further modified via oxidation of the sulfur linkage to produce
PEO-terpy with a sulfonyl linkage. The ligands used in this study are shown in Scheme
3.2.1. The kinetic stabilities of these complexes of these ligands in aqueous solution were
measured by metal exchange in the manner presented previously described.
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Scheme 3.3 The Macromolecular Ligands used in the study conducted in Chapter 2
Part2.

The ligands used in this study are found in Scheme 3.2.1. We find that, for the
iron complexes, the stability of thioether-linked complex is approximately an order of
magnitude less stable than the complex with unsubstituted terpyridine. The iron complex
is, however approximately as stable as the amino-linked complex described in the last
chapter. The sulfonyl-linked iron complex decayed at a rate nearly three times more
rapid than the thioether, suggesting that the electron-withdrawing nature of the sulfonyl
group destabilizes the complex. For the cobalt complexes, the thioether-linked complex
decays approximately twice as fast as its ether- and amino-linked homologues, and the
sulfonyl complex decays slightly more rapidly than the thioether-linked complex. These
results suggest that the effect on the cobalt complex is more complicated than simple
electron donation/withdrawl.
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3.2.2 Experimental
•

Equipment
All NMR spectra were recoded on a Bruker Avance 300MHz spectrometer. All

decay experiments were recorded on a Hitachi U-3010 spectrophotometer.

The

concentration of the complex for the decay studies was 0.5mM, while the concentration
of the decomposition ion was held at 10mM. The decay was measured at 569nm for the
thioether-linked complexes and at 570nm for the sulfonyl-linked complexs, the peak of
the MLCT band for the iron complex of each ligand. The decay of the iron complex was
measured directly, while the formation of the resultant iron complex was measured in the
decay of the cobalt complex.
•

Materials
Monomethoxy PEO (Mn = 5000 g/mole) and cobalt(II) chloride hexahydrate

(≥98%) were purchased from Fluka chemicals; sodium hydrosulfide hydrate (100%),
triethylamine (reagent grade), and m-chloroperbenzoic acid (70-75%) were purchased
from Fisher Scientific. Iron(II) chloride tetrahydrate (99+%), and 4’-chloro-2,2’:6’,2”terpyridine (99%) were purchased from Acros Organics. The mesylate of PEO was
prepared using previously published techniques,53 as was terpyridine-4′(1′H)-thione.87
•

Synthetic Procedures

Synthesis of PEO-S-Terpy (8). To a 250 mL round bottom flask, 2.19 g of mesyl-PEO,
0.173 g of terpyridine-4′(1′H)-thione, and 0.38 g of potassium carbonate were added.
The flask was fitted with a condenser and purged with N2 for 15 min. The flask was then
charged with 150 mL of acetone and sparged with N2 for an additional 15 min. The
mixture was then heated to reflux under nitrogen for 18 hours. After this time, the
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acetone was removed under vacuum, and the product was dissolved in 200 mL
chloroform, and washed with 2x200 mL sat. sodium bicarbonate. The organic phase was
then dried over sodium sulfate and reduced in volume to approximately 5ml, with product
was then precipitated in diethyl ether (250 mL) and filtered. The product was washed
with another 250 mL of ether and allowed to air dry. 1.27g (58%) recovered. 1H NMR
(CDCl3): δ 8.70 (d, 2H J = 4.52 Hz; H6,H6”), 8.61 (d, 2H, J = 7.52Hz; H3,H3”), 8.37(s,
2H, H3’,H5’), 7.86(t, 2H, J = 7.16Hz; H4,H4”), 7.35(t, 2H, J= 5.65 Hz), 5.31(d, 2H,
Terpy-S-CH2), 3.88 (t, 2H, J = 4.57Hz Terpy-S-CH2CH2), 3.75-3.55(m, 455H, polymer
backbone), 3.41 (t, 3H, J = 4.52Hz, PEO-O-CH3).
Synthesis of PEO-SO2-Terpy (9). To a 50ml round bottom flask, (1) (0.441 g, 0.088
mmoles) was added along with 30 mL methylene chloride. The polymer was stirred until
dissolution and cooled in an ice/water bath for 15 min. After this 0.039 g m-CPBA
(assuming 72% purity) was added to the mixture, which was stirred in the ice bath before
removal after 5 min. The solution was then allowed to stir at room temperature for 18
hours, after which the solution was washed with 2x50 mL of saturated sodium
bicarbonate solution, and the organic phase dried over sodium sulfate. The volume of the
organic phase was then reduced and the product precipitated into 100ml diethyl ether,
after which the product was filtered and washed with a second 100 mL of diethyl ether
before being allowed to dry in air. Yield: 0.252 g (57%) 1H NMR (CDCl3): δ 8.75(s, 2H,
H3’,H5’), 8.73 (d, 2H J = 3.96 Hz; H6,H6”), 8.64 (d, 2H, J = 78.64Hz; H3,H3”), 7.90(t,
2H, J = 7.54Hz; H4,H4”), 7.39(t, 2H, J= 5.09 Hz), 3.75-3.55(m, 455H, polymer
backbone), 3.41 (t, 3H, J = 4.52Hz, PEO-O-CH3).
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Complexes of the ligands were produced by addition of the ligand and appropriate metal
salt (2:1 ratio) in the proper concentration for kinetics testing in water. The mixture was
stirred for approximately 30 min before kinetic experiments commenced.
3.2.3 Results and Discussion
The synthesis of thioether-linked terpyridine-functionalized PEO (8) was carried
out by mixing mesyl-PEO with terpyridine-4′(1′H)-thione and sodium bicarbonate in
acetone under reflux. The 1H NMR spectrum of the product revealed that the polymer
was >95% functionalized. The NMR spectrum of (8) was sufficiently similar to that of its
oxygen-linked analogue35 (save for the difference in the shift of the 3’/5’ protons) to
allow for convenient assignment.

The sulfonyl-linked species (9) was produced by

reacting (8) with 2 equivalents of m-CPBA in methylene chloride at 0o C, follwed by
stirring at room temperate, in a manner similar to that described by Potts.92 In order to
perform this reaction successfully, care must be taken to add only 2 equivalents of mCPBA, as the peroxyacid is capable of oxidizing the nitrogen atoms of terpyridine under
the same conditions.95 In the product that was obtained in the synthesis of (9), no
evidence of terpyridine N-oxides were detected in the NMR spectrum.
The success of the oxidation reaction was measured by comparing the NMR
peaks arising from the 3’/5’ protons, due to their adjacency to the sulfonyl group. In the
spectrum of (8) in CDCl3 these proton shifts occur at 8.37ppm (as compared to 8.04ppm
in the oxygen analogue),35 however in the spectrum of (9) the peaks appear to shifted to
8.75ppm, overlapping with the 6/6” proton peaks. Recording the spectrum in acetone-d6
more fully separates the peaks, giving a better view of the 3’/5’ and 6/6” peaks. The
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spectra of both (8) and (9) in CDCl3 and the spectrum of (9) in acetone are displayed in
Figure 3.2.1.

Figure 3.6 The NMR spectra of the ligands used in the sudy Conducted in Chapter
2 Part2. The spectrum of ligand (8) in CDCl3 is shown in (A). The spectrum of
ligand (9) is shown in CDCl3 in (B) and in acetone-d6 in (C).
Table 3.7 Decay Rates of Iron and Cobalt Complexes of Ligands (8) and (9)
Metal
Fe(II)
Co(II)

Ligand
(8)
(9)
(8)
(9)

-1

k-2 in s
-6
2.06*10
-6
5.88*10
-3
3.69*10
-3
4.76*10

The kinetic data for the complexes studied in this writing can be found in Table
3.2.1. The kinetics measurements of stability of the complex of (8) with iron(II) returned
a decay rate of 2.06*10-6 s-1, which is comparable to the values previously measured for
amino-linked terpy-PEO at 1.64*10-6 s-1. This particularly interesting because in terms of
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the Hammett constants, the amino group would be much more electron donating,
presumably giving a much slower decay rate. The thioether-linked species decays more
rapidly than its oxygen analogue, as we have established previously that oxygen may
affect complex stability primarily though inductive withdrawal, this is sensible due to the
higher electronegativity of oxygen. The sulfonyl-linked species (9) shows nearly 3fold
more rapid decay rate than (8), decaying at 5.88*10-6 s-1. This is expected due to the
more electron-withdrawing nature of the sulfonyl group, as the withdrawl of electron
density from the π-cloud of the ligand by the substitutent group decreases that with is
available for bonding with the metal center.

Figure 3.7 Decay Scans of the Cobalt Complexes of Ligands (8) and (9).

The decay scans for the cobalt complexes are shown in Figure 3.2.2. The
cobalt(II) complex of (8) decayed at a rate of 3.69*10-3 s-1, more that twice as fast as the
decay of its ether- and amino-linked homologues (1.70*10-3 s-1 and 1.6*10-3 s-1 ,
respectively). This unexpected result suggest that the action on the substitutent group on
the stability of the complex is more complex that simple electron withdrawal or donation.
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Other factors, such as the effect of the substitutent group on the polarizability of the
ligand, or the interaction of the substitutent group with solvent may be at play. The decay
scan of (9) showed a small increase in k-2 from that of (8); measured at 4.76*10-3 s-1. This
is once again an expected result due to the electron withdrawal of the sulfonyl group, but
the relative difference between the two ligands is much less than that for iron, further
underlining the notion that more complicated factors than electron withdrawal determine
the stability of these ligands.

3.4 Conclusions
In Part 3.1 of this chapter, the effects of both amine and ether substituents at the
4’-position of terpyridine on the kinetic stabilities of bis-terpyridine complexes of iron(II)
and cobalt(II) we studied.

For cobalt complexes, nitrogen substitution causes rapid

oxidation by air, resulting in kinetically inert cobalt(III) complexes, while ether-linkages
yield modestly more rapid decay (three to six-fold faster) than unsubstituted terpyridine
complexes. Cyclic voltammetry measurements indicated that ether substituents withdraw
electrons from the ligands, thus rendering the complexes more labile, while nitrogen
substituents donate electron density, facilitating oxidation of the cobalt center.
Iron complexes are also sensitive to 4’ substitution, with both ether and amino
groups leading to faster decay by at least an order of magnitude compared to the
unsubstituted ligand. In contrast to the d7 cobalt complex, which has a distorted
octahedral architecture, the octahedral d6 iron complex is already very stable, and the
nitrogen-substituted ligands do not yield the same oxidation-induced stability increase.
A brief study on the effect of polymer chain length on the stability revealed an
decrease in complex stability with increasing chain lengths for iron. The results suggest a
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power-law dependence of the decay rate to the chain length of k-2 ~ N0.14. The cobalt
complexes demonstrated a much different behavior, with decay rates initially falling with
increasing molecular weight, then increasing. These are interesting preliminary results
which encourage further study on the topic.
Comparisons between poly(ethylene oxide) chains end-functionalized with
terpyridine through ether and amine linkages pointed to a complex interplay between
linking chemistry and the effects of polymeric substituents. For both ions, however, the
amine-linked species were found to provide enhanced stability over the more
conventional ether-linked materials, with dramatic results for the case of cobalt due to
ligand facilitated oxidation to Co(III). The deeper understanding gained of the effects of
ether and amino substituent groups on terpyridine complexes will hopefully lead to new
channels of investigation into how properties of dynamic supramolecular assemblies can
be tuned by substituents.
In Part 3.2 of this chapter, we have demonstrated that thioether linkages in
terpyridine-functionalized PEO are capable of forming an iron complex of approximately
the same stability of its amino-linked homolougue. When the thioether is oxidized to a
sulfonyl, the rate of decay increased nearly threefold, due to electron withdrawl. For
cobalt complexes of the same ligands, the decays are faster than either their ether-or
amino-linked homologues, suggesting the action on the stability of the ligand is not
merely electron withdrawal. Also, the difference between the decay rates of the two
cobalt complexes is less, with the sulfonyl species being only slightly less stable than the
thioether.

106

3.5 Appendix 3A. Model Compounds in the Investigation of Secondary
Peaks
In order to determine if the secondary peaks in the NMR spectra of cobalt
complexes were an oxidized species (4b)2Co3+ was synthesized using a procedure similar
to existing methods.95

Also, the mono complex of terpyridine with cobalt was

synthesized and investigated via NMR. Both species were not a match for the secondary
peaks. Impurities giving rise to the secondary peaks was also ruled out by repeated
recrystallization and NMR investigation of the small-molecule compounds.

Synthesis of (4b)2Co3+ . A 20 mL vial was charged with 0.1 g of (4b), 0.0024 g
CoCl2*6H2O and 0.0034 g AgNO2. Dueterium oxide (1 mL) was then added, and the
mixture stirred for 1 hour. After this time, all particulates where removed via syringe
filter and the solution was transferred to an NMR tube. 1H NMR (D2O): δ = 8.56 (s, 2H),
8.52(d, 2H), 7.34 (2, 4H), 4.2-3.3 (m, 100H, polymer backbone)

NMR Shifts of (1)CoCl2 in D2O. The complex was prepared using an existing
procedure.60 1H NMR (D2O): δ = 108.06 (s, 2H), 84.77 (s, 2H), 51.71 (s, 2H), 34.83 (s,
1H) 15.96 (s,2H). Note: Only five proton shifts are observed in the window examined.
Since the sixth shift has recently been found to be in the range 130-170 ppm in organic
solvents,1 it is conceivable that the sixth peak populates this region in aqueous solution as
well.
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•

NMR Spectra of (7)2Co2+ Before and After Oxidation.

Figure 3.A.1. 1H NMR Spectrum of the paramagnetic (7)2Co2+ species can be viewed
in the top spectrum, note the presence of Knight-Shifted peaks between 90 and 20
ppm. The sample was gradually oxidized in air to diamagnetic (7)2Co3+, as shown in
the lower spectrum. Note the lack of Knight-shifted peaks in the lower spectrum.

•

NMR Measurement of the Decay of (1)2Co(II)
The decay of the unsubstituted complex (1)2Co(II) was characterized by

measuring the Knight-shifted peaks of a solution of the complex along with FeCl2 in
D2O. An exponential fit of the data returns k-2 = 6.12*10-4 s-1, a decay of a little more
than half of that measured by stop flow.
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3.6 Appendix 3B. Cobalt Complex Decay in Mixed Solvent and Nickel
Complex Decomposition
The decay over several of the cobalt complexes in a mixture of water in 20%
DMSO, the results of the study is shown in Table 3.B.1. Little change observed from the
decay rates in aqueous solution, except for complex (4a)2Co(II), which showed a fourfold increase in decay rate.
Table 3.B.1 Decay of Ether-linked Cobalt Complexes in a Water/20% DMSO
solution.
Ligand

Complex

k-2*103

4'-[2-(1-methoxyethoxy)ethoxy]-2,2':6',2''-terpyridine
1.1k PEO-terpyridine
5k PEO-terpyridine
12.3K PEO-terpy

(3)2Co(II)
(4b)2Co(II)
(4a)2Co(II)
(4c)2Co(II)

5.1±0.02
3.86±0.06
4.45±0.03
2.54±0.04

•

Decay of Ether-Linked Nickel(II) Complexes
Ether-linked Nickel(II) complexes was recorded, using FeCl2 as the decaying

species, the data was not included in the main study due to the fact that the unsubstituted
complex could not be decayed with iron, and therefore could not be checked against
previously published data. The results are presented in Table 3.B.2, as a precursor to
potential future studies. Al the complexes show decay rates on the order of 10-5 s-1 which
would be expected for Nickel complexes based on the study by Hogg and Wilkins.60
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Table 3.B.2 Decay Rates of Ether-Linked Nickel Complexes
Ligand

Complex

k-2*103

1.1k PEO-terpyridine
5k PEO-terpyridine
12.3K PEO-terpy

(4b)2Ni(II)
(4a)2Ni(II)
(4c)2Ni(II)

0.90±0.02
1.4±0.1
1.6±0.1
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CHAPTER 4
KINETIC STABILITY OF BIS COMPLEXES OF TERPYRIDINE
WITH IRON(II) AND COBALT(II) IN ORGANIC SOLVENTS
4.1 Overview
We have studied the effect of solvent environments on the kinetic stability of bis
complexes of 2,2':6',2’’-terpyridine with iron(II) and cobalt(II), and found variations in
rate of greater than five orders of magnitude for iron and one order of magnitude for
cobalt in common solvents. While the effects governing the decay of cobalt complexes
remain unclear, a correlation is found between the solubility of terpyridine in the selected
solvents and the decay rates of the iron complexes. These results not only underscore the
importance of solvent selection to the kinetic stability of terpyridine complexes, but also
provide an opportunity to tune the kinetic properties of these complexes.

4.2 Introduction
The 2,2':6',2’’-terpyridine ligand and its family of analogues have been studied as
complexes of numerous of transition metals such as Fe, Ni, Co, Cu, Ru, and Pt, and with
a wide variety of substituent groups such as ethers1,2, amines3-5, phenyl rings6, and
halides.

The synthetic versatility of chloro-2,2’:6’,2”-terpyridine as a precursor for

syntheses including polymer functionalization7-10 has made the terpyridine ligand a
common motif in supramolecular chemistry.
Wilkins, et. al. performed studies on the rate constants of formation and
dissociation of 2,2':6',2’’-terpyridine complexes for several first-row transition metals in
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the 1960s.11,12 More recently we have shown that substituent groups in the 4’ position of
terpyridine affect kinetic stabilities of iron and cobalt complexes.13 Notably, all of these
studies were completed in aqueous environments, while most recent studies on poymer
assemblies use organic solvents such as acetonitrile,14,15 N,N-dimethylformamide16,
acetone14,17, and various alcohols14,18. With the wide variety of studies that have been
conducted on terpyridine-based materials, relatively few studies have been completed on
the kinetic stability of terpyridine complexes in different solvent environments.

The

classical kinetic studies may provide a qualitative guide to whether a particular complex
is “inert” or “labile”, but not an accurate picture of the specific behavior of complexes in
organic solvents. To better understand the stability of terpyridine complexes in organic
solvents, we undertook the current study on effects of solvent on the decay of biscomplexes of 2,2':6',2’’-terpyridine with iron (II) and cobalt (II).
To measure the kinetic stabilies of the terpyridine bis complexes (the rate constant
for dissociation, k-2), the complex was allowed to decay in the presence of a more
strongly binding metal ion.

Cobalt complexes were decayed by iron (II) chloride

tetrahydrate, while iron complexes were decayed by nickel (II) chloride hexahydrate;
both schemes have previously been shown to yield accurate rate constants.9,12,19 The
solvents used in this study were chosen based on their ability to dissolve both the
complex and the decomposing metal salts.

Dimethylsulfoxide (DMSO), N,N-

dimthylformamide (DMF), N-methylpyrrolidine (NMP), and ethanol were initially
chosen based on their decomposing metal/complex compatibility.

Acetone and

acetonitrile were also chosen as solvents of interest, but as the decomposing metal salts
were not soluble in either, these solvents were studied as mixtures with ethanol.
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4.3 Results and Discussion
Complexes were synthesized by mixing two equivalents of 2,2’:6’,2”-terpyridine
with one equivalent of either iron(II) chloride tetrahydrate or cobalt(II) chloride
hexahydrate in water.

After stirring until no solid ligand remained, an excess of

ammonium hexaflourophosphate was added, causing precipitation of [terpy]2Fe(PF6)2 or
[terpy]2Co(PF6)2. After the complexes were separated by filtration and washed with
water, they were allowed to dry in air before being washed with ethyl ether to remove
any excess ligand. Due to the poor solubility of [terpy]2Fe(PF6)2 in ethanol, [terpy]2FeCl2
was also synthesized according to existing methods.12
Table 4.1 Decay of [terpy]2Fe2+ complexes in various organic solvents.
a

Chloride counterions. bData from Chapter 3. cReference 43
3

-1

Solvent

k-2*10 (s )

DMF
DMSO
NMP
Acetone/Ethanol
Ethanol
Acetonitrile/Ethanol (1:1)
Acetonitrile/Ethanol (95:5)
Water

21.3
2.60
1.50
-1
1.1*10
-2 a
2.4*10
-2
2.2*10
-2
9.7*10
-4 a,b
1.5*10
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Solubility of
Terpyridine (g/L)

625
227
312
278
91
227

c

0.049

Figure 4.1 Decay of [terpy]2Fe(PF6)2 in selected solvents.

Decay scans of the iron complexes were recorded by monitoring the absorbance of
the MLCT band of the complex, which occurs between 550 and 555 nm, depending on
solvent. The decay of the MLCT signal was measured for 70,000 s at 21.5 oC, and the
data were fitted with a single exponential that directly yielded k-2, as shown for a few
examples in Figure 4.1. The concentration of the iron complex was 0.25 mM, while
concentration of nickel(II) chloride hexahydrate (the decomposing metal) was 10 mM.
Iron complex stability scans in DMF where repeated with 4-100 fold excesses of
nickel(II) to confirm zero-order dependence on the concentration of the nickel. As can be
seen in Table 4.1, the decay of the iron complex ranged from k-2 = 2.26*10-5 for 1:1
ACN/Ethanol to k-2 = 2.13*10-2 in DMF, a three order of magnitude difference. When
the value previously recorded for water is taken into account (k-2 = 1.5*10-7 s-1),9 the
range of decay rates becomes more than five orders of magnitude.
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There are a few different ways by which solvent can affect metal-ligand reactions,
and these effects can even influence which reaction pathways are taken.22 For example, a
solvent that stabilizes the transition state of an associative interchange reaction may cause
the complex in question to exchange ligands by that pathway rather than the dissociative
mechanism to which it would adhere in other solvent systems. The affinity of the solvent
for the coordination sites on the metal may also be important in determining mechanism,
as solvents that have a high affinity for a metal might conduct an SN2-type attack on an
already bound ligand.
Though the affinity of the solvent for metal coordination sites often decides the
rate-limiting step of metal-ligand formation reactions,11,21,23,24 stabilization of the metal
center after dissociation of the ligand may also be important, as it makes the dissociation
reaction more thermodynamically favourable.25,26 Although it was difficult to reach a
conclusion due to the wide variation of reported values, a survey of the solvent exchange
rates and coordination enthalpies27-35 showed little or no correlation with the teryridinecomplex decay rates which were measured for both cobalt and iron. In spite of the lack
of reliable data, it seems unlikely that any of the solvents investigated could complete
with the terpyridine ligand in terms of binding strength due to the rapid exchange of the
solvents with the metal center. Additionally, since the solvent is the only competing
ligand in this case, an interchange reaction seems unlikely, so the stabilization of the
transition state of an interchange reaction is probably not the way solvent governs the
reaction rate.
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A far more likely scenario by which solvent affects the decay of these complexes
is the interaction of solvent with the transition state of the dissociation reaction, rather
than the metal center. As a result, the rate of dissociation is accelerated in solvents which
lower the energy of the transition state of the dissociation reaction. Solvent interaction
with bound ligands has previously been shown to affect the decay rate of calixspherand,
cryptate, and crown ether complexes,36-40 as well as the rate of racemazation and
dissociation of bipyridine and phenanthroline complexes.25,26,41

Most relevant to this

study, however, is the work done by Burgess and coworkers on solvent effects on
racemazation and dissociation of tris-phenathroline iron(II) complexes.42 It was found
that the rate of dissociation of the phenanthroline complex was dependant on the ability
of the solvent to lower the energy of the transition metal complex by interaction of the
organic solvent with the hydrophobic ligands. As a result the rates of dissociation
increased as the organic fraction of solvent/water mixtures increased.

Figure 4.2 Solubility of Terpyridine vs. Decay Rate for the Iron Complexes
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For the complexes used in this study, it was decided that the solubility of
terpyridine in the organic solvents would be a good indicator of the ability of the solvent
to interact with the hydrophobic terpyridine ligands, and therefore lower the energy of the
transition state . The solubility of terpyiridine in the solvents investigated is plotted
versus the decay rate for the iron complex in Figure 4.2 and the numerical values are
displayed along with the kinetic data for both iron and cobalt. The plot in Figure 4.2
clearly shows a correlation between the solubility of terpyridine and the decay rate of the
iron complex, with the solvents in which terpyridine is most soluble also displaying the
most rapid decay rates.
For the pure solvent systems, DMF showed the most rapid decay rate (k-2 =
2.13*10-2 s-1) as well as the highest solubility of terpyridine (625 g/L). DMSO and NMP
showed decay rates approximately one order of magnitude lower that DMF, as well as
decreased terpyridine solubility (312 g/L and 227 g/L, respectively), while the complex in
ethanol decayed three orders of magnitude less rapidly than in DMF as well as displaying
a much lower solubility of terpyridine than DMF, DMSO, and NMP (91 g/L). The
slowest decay of the complex was observed in water (k-2 = 1.5*10-7 s-1), which was also
the solvent in which terpyridine was least soluble (0.049 g/L).43
For the mixed solvents, the dependence of terpyridine solubility on decay rate was
less sraightfoward than that of pure solvents. While both solvent mixtures displayed
similar terpyridine solubility (278 g/L for 1:1 acetone/ethanol and 227 g/L for 1:1
acetonitrile/ethanol), the mixture of acetone/ethanol showed an order of magnitude more
rapid decay than acetonitile/ethanol (k-2 = 1.1*10-4 versus k-2 = 2.2*10-5, respectively).
Additionally, decay rate in both mixed solvents was less rapid than would be expected
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from pure solvents with similar terpyridine solubility. This could possibly be attributed
to a higher concentration of alcohol in the immediate vicinity of the metal, thus making
the observed decay rate more closely resemble that in ethanol.
The cobalt complexes were decomposed with iron(II) chloride tetrahydrate, and the
growth of the MLCT band from the iron complex signal was monitored and used to trace
the decay. An Advanced Photophysics RX.2000 rapid mixing unit was used for the
decay scan; the concentration of complex being 0.25 mM and the concentration of
iron(II) being 10 mM. Single exponential decays were fit to the linear region of the plot,
as has previously been done in water.11 The k-2 data from the cobalt complex scans are
shown in Table 4.2.
Table 4.2 Decomposition of Co[terpy]2Co2+ in various solvents
a

Chloride counterions, bData from Chapter 3. c Data from Reference 43

3

-1

Solvent

k-2 *10 (s )

DMSO
DMF
Acetone/Ethanol
NMP
Acetonitrile/Ethanol
Water

35.0
32.0
16.0
3.8
1.9
a,b
1.1

Solubility of
Terpyridine
(g/L)

227
625
278
312
227
c
0.049

In contrast to the iron decay scans, variations in the cobalt decay rate constants
were limited to a range of only one order of magnitude. The least rapid decay rate
measured in organic solvent was that of the cobalt complex in 1:1 acetonitrile/ethanol, at
k-2 = 1.90*10-3 s-1. This is only slightly more rapid that the decay measured for water (k-2
= 1.1*10-3 s-1). Since no scans of the complex could be completed in ethanol due to
precipitation(even with Cl- counterions) of what is assumed to be the cobalt(II) mono
complex, the decay rate in ethanol could not be measured. Surprisingly, the second
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slowest decay occurred in NMP (k-2 = 3.8*10-3 s-1), further underlining the differences
between the iron and cobalt complexes. The solvents in which the cobalt complexes
decayed fastest in were 1:1 acetone/ethanol, DMF, and DMSO. The acetone/ethanol
mixture was the slowest of these, decaying at k-2 = 1.6*10-2 s-1. The decay rates of the
cobalt bis complex in DMF and DMSO were similar, at 3.2*10-2 and 3.8*10-2,
respectively.
In addition to displaying a weaker dependence on solvent, the decay of the cobalt
complexes did not show a clear correlation to the solubility of terpyridine in the solvent
used. It is currently unknown why the cobalt complexes show a much weaker solvent
effect than iron, although many other factors such as the conformational and spin-state
changes in a particular solvent could be particularly important for a distorted d7 complex
such as that of terpyridine with cobalt. Additionally, it may be the case that a different
mechanism may be responsible for the cobalt complex decay. It is possible that an
interchange reaction with a different mode of solvent interaction may be responsible for
the decay of cobalt complexes.

4.4 Conclusions
In conclusion, we have documented the kinetic stability of the bis complexes of
iron(II) and cobalt(II) with terpyridine in a variety of organic solvents. When have found
that the iron(II) complexes experience a large increase in decay rate from that in water for
all of the solvents tested. Furthermore, the range of decay rates of the iron complex in
different solvents spanned five orders of magnitude, from k-2 = 1.5*10-7 s-1 for water to
k-2 = 2.13*10-2 s-1 in DMF. The cobalt complexes did not show as much variation in the
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decay rate, from k-2 = 1.1*10-3 in water, to k-2 = 3.5*10-2 s-1 for DMSO. A correlation
between the solubility of terpyridine and decay of the iron complexes was found, with the
more strongly solvating solvents displaying the most rapid decay rates.

Such a

correlation could not be established with the cobalt complexes, denoting the possibility of
more complicated solvent interactions being at play in the decay of the distorted d7
complex.

4.5 Appendix 4A. Preparation of Complexes of Terpyridine with Iron
and Cobalt

[Terpy2Fe](PF6)2 A vial was charged with 0.150 g of 2,2’:6’,2”-terpyridine, to which
was added to 0.064 g FeCl2●4H2O in 5 mL of water. The mixture was diluted to 100
mL, and sonicated for 10 min, before being run through a 0.45 µm syringe filter in order
to remove any free ligand. This solution was stirred rapidly, and 0.5 g of NH4PF6 was
added, causing a purple precipitate to form. After 20 min of stirring, the precipitate was
filtered and allowed to air dry for 18 hours before being washed with 300 ml of diethyl
ether. The product was once again allowed to air dry for 18 h. Yield: 0.198 g (75.8%)
1

H NMR (300 MHz, acetonitrile-d6): δ 8.91 (d, 4H, 3J = 7.91 Hz, H3’,H5’), 8.68 (t, 2H, 3J

= 8.10 Hz, H4’ ), 8.47 (d, 4H, 3J = 7.91 Hz, H3,H3”), 7.88(m, 4H, H4,H4”), 7.07 (m, 8H, H5,H5”,H6,H6”)

[Terpy2Co](PF6)2 In 100ml of water were combined 0.176 g of 2,2’:6’,2”-terpyridine
and 0.090 g of CoCl2●6H2O. The mixture was vortexed, then sonicated for 40 minutes
before being allowed to sit overnight. The solution was filtered through a 0.45 µm
syringe filter before 0.7 g NH4PF6 was added, giving a tan precipitate. after 20 min of
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stirring, the precipitate was filtered and dried in air for 18 h. The tan precipitate was then
washed with 300 mLl of diethyl ether and dried in air for an additional 18 h. Yield:
0.204g (66.7%) 1H NMR (300 MHz, acetonitrile-d6): 99.46 (broad 4H, H6,H6”), 57.15(s,
4H, H3,H3”), 47.29(s, 4H, H3’,H5’), 34.62(s, 4H, H5,H5”) 22.26(s, 2H, H4’), 9.14 (s, 4H,
H4,H4”)

Note: No oxidation of the cobalt complex was observed on the timescale that the
complex was tested in the kinetic scans.
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CHAPTER 5
HETEROLEPTIC IRON(II) COMPLEXES OF 4’-SUBSTITUTED
TERPYRIDINES: SYNTHESIS, KINETIC STABILITY, AND REDOX
PROPERTIES
5.1 Chapter Overview
In this study we have developed a convenient synthetic method of producing a
heteroleptic bis-terpyridine(terpy) complexes of iron(II).. Complexes were able to be
synthesized with >95% asymmetry, and the kinetic stability and redox properties of the
complexes were compared with symmetric complexes bearing the same substiutent
groups.

Kinetic studies demonstrated a strong dependence of kinetic stability on the

electron withdrawing chloro substitutent, with both the symmetric complexes decaying
more rapidly than the unsubstituted complex, the symmetric chloro-substituted complex
decaying the most rapidly. The n-propylamino (npa) substitutents were found to impart
only minor effects on the kinetic stability. Redox potentials were found to be nearly
linearly dependant on both the chloro and npa groups, with the Fe(II/III) couple
becoming more positive with each chloro group, and more negative with each amino
group, as compared to the unsubstituted complex.

5.2 Introduction
Terpyridine ligands and their metal complexes have gained a fair amount of
notoriety since 2,2’:6’,2”-terpyridine was first synthesized by Morgan and Burstall in
1932.1 As a tridentate ligand, terpyridine is predisposed toward forming complexes of
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high thermodynamic and kinetic stability with a variety of transition metals.2-4

In

addition, the straightforward synthesis of 4’-chloro-2,2’:6’,2”-terpyridine and its SNAr
functionalization with various nucleophiles have resulting in the synthesis of a wide
variety of substituted terpyridines, thus popularizing the use of the ligand in polymer
functionalization and the production of self-assembled supramolecuar structures.5-8
One particularly interesting facet of terpyridine research is the formation of
heteroleptic or asymmetric complexes with certain transition metals. Early studies were
conducted

by synthesizing a terpyridyl

mono-complex

with

osmium(III)

or

ruthenium(III) followed by reduction in the presence of a phosphine or substituted
terpyridine ligand, resulting in the mixed-ligand ruthenium(II) or osmium(II) complex.9-12
While the original asymmetric ruthenium complexes were investigated mainly for
their photoelectric properties, the same synthetic techniques have been applied to the
creation of block copolymers,13-15 as well as polymers with side-chain heteroleptic
complexes.16,17

The ease of synthesis of these compounds and the stability of the

resultant Ru(II) complex have made this technique a practical way of producing
controlled structures with supramolecular linkages. Recently, Schubert et. al expanded
this concept to the include block copolymer synthesized using terpyridine-functionalized
polymers complexed with cobalt(III) and nickel(II).18
With the interest in asymmetric terpyridine complexes, particularly those
formed with d6 metals such as ruthenium(II), osmium(II), and cobalt(III), it is surprising
that more work has not been done on the synthesis of asymmetric iron(II) terpyridine
complexes. We are aware of only a few studies to date on asymmetrical iron-based
terpyridine complexs.19-21 In all the cases there is a high incidence of symmetric complex
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present as byproducts in the products of these reactions, thus purification via column was
necessary to obtain the desired product, and isolated yields were not given.

A simple

and high-yield technique for the synthesis of asymmetric iron-terpyridine complexes
would be beneficial as a new way to facilitate directed formation of supramolecular
structures, and will provide further insight into how substituent groups affect the
properties of terpyridine complexes.
In this study, we have demonstrated a simple and effective way of synthesizing
asymmetric terpyridine-iron(II) complexes, using the technique to create complexes with
either one electron donating or electron withdrawing group. We have used 4’-chloro2,2’;6’,2”-terpyridine (cl-terpy) for the ligand with the electron withdrawing group, and
4’-N-(n-propylamino)-2,2’;6’,2”-terpyridine (npa-terpy) as the ligand with an electron
donating group. Additionally, we have studied the kinetic stability, redox properties, and
spectrophotometric properties of these heteroleptic complexes as compared to their
symmetric counterparts.

5.3 Experimental
•

Materials
Iron (II) chloride tetrahydrate (99+%), nickel (II) chloride hexahydrate (99.9%),

4’-chloro-2,2’;6’2”-terpyridine (99%), tetrabutylammonium hexaflourophosphate, (98%)
and d3-acetonitrile (99% D, 1% v/v TMS) were obtained from Acros Organics.
Acetonitrile (optima grade) and acetone (ACS grade) were obtained from Fisher
Scientific. 2,2’;6’,2”-terpyridine (99%) was obtained from Strem Chemical and ethanol
(200 proof) was obtained from Alco-AAPER. All chemicals were used as recieved
without further purification.
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•

Instrumentation
COSY and 1H NMR spectra were recorded on a Bruker DPX 300 MHz

spectrometer, and all UV-Vis experiments were conducted on a Hitachi model U-3010
spectrophotometer. Decay scans were conducted at a 70,000 s scan time in 1:1 v/v
acetonitrile/ethanol, the wavelength being set at the peak of MLCT band of the complex
being tested. Wavelength scans were conducted in acetonitrile in a glass cuvette with a
sealed top. A solution of the complex (0.5 mM, 1.5 mL) in acetonitrile was mixed with a
solution of nickel (II) chloride hexahydrate (20 mM, 1.5 mL) and quickly transferred to
the spectrophotometer, where the decay of the complex was measured at the peak of its
MLCT band. The decay was measured over a 70,000 s scan time. Measurement of the
absorption spectrum was done on the same spectrophotometer in acetonitrile using quartz
cuvettes at concentration of 0.025 mM.
Cyclic voltometry was conducted using a BASi Epsilon electrochemical
workstation with platinum working and auxiliary electrodes and an Ag/AgCl reference.
Measurements

were

conducted

on

acetonitrile

containing

100

mM

of

tetrabutylammonium hexaflourophosphate as an electrolyte and 10 mM of the terpyridine
complex.

•

Synthetic Procedures
4’-N-(n-propylamino)-2,2’;6’,2”-terpyridine (npa-terpy) was prepared by a

previously published procedure,22 as was Fe(terpy)Cl3.23

Other compounds were

synthesized as follows. The NMR spectra of the complexes were assigned using COSY
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1

H NMR and the data determined from previous studies.24 For asymmetric compounds,

the proton shifts of the substituted ligand are recorded in bold type.

Preparation of Fe(Cl-terpy)2[PF6]2. (1) Cl-terpy (0.192 g) was dissolved in 10 mL of
hot acetone, to which a solution of 0.073 g FeCl2x 4H2O in 3 mL of water was added.
The resultant reddish-purple solution was added to 100 mL of water, which was stirred
rapidly as 1.0 g of ammonium hexaflourophosphate was added, resulting in the
precipitation of the compound. The mixture was stirred for 10 min before filtering the
precipitate. The filtrate was allowed to dry in air overnight before the red-purple powder
was washed with diethyl ether (200 mL). 0.217g recovered (68.7%).

1

H NMR (300

MHz, acetonitrile-d6): δ 9.00 (s, 4H, H3’,H5’), 8.45 (d, 4H, 3J = 7.91 Hz, H3,H3”), 7.90 (t,
4H, 3J = 6.41, H4,H4”), 7.12 (m, 8H, H5,H5”,H6,H6”). UV-Vis λmax/nm (ε, M-1cm-1)
274(47,090), 281(42,981), 317(52,109), 361(6,145), 512(8,472), 557(15,054)
Preparation of Fe(terpy)(Cl-terpy)[PF6]2. (2) Fe(terpy)Cl3 (0.131 g) was dissolved in a
mixture of acetone and water (4 mL acetone/6 mL water) in a 20 mL vial, and stirred
until dissolution of the solid, resulting in a dark brown solution. The vial was then fitted
with a septum and cooled in an ice/water bath for 15 min. Cl-terpy (0.088 g) and
ascorbyl palmitate (0.21 g) were dissolved in 10 mL of acetone and cooled over the
course of 10 minutes in an ice/acetone bath, as the solution was stirred. The cooling
caused some clouding of the solution due to the precipitation of the ascorbyl palmitate.
After cooling, the solution of Fe(terpy)Cl3 was loaded into a dropping funnel which was
fitted with an ice/water bath. The solution of Fe(terpy)Cl3 was then added dropwise to
the rapidly stirring solution of Cl-terpy and ascorbyl palmitate. At the end of this
132

addition, the resultant reddish-purple solution was added to 150 mL of rapidly stirring
water. Ammonium hexaflourophosphate (2.0 g) was added, resulting in the precipitation
of the complex. The mixture was allowed to stir for 10 min before filtration of the solid.
The reddish-purple solid was then dried in air overnight, after which it was washed with
200 mL of diethyl ether. Residual ascorbyl palmitate was then removed from the product
by sonication of the complex in 20 mL diethyl ether.

0.112 g recovered (41%). 1H

NMR (300 MHz, acetonitrile-d6): 9.02 (s, 2H, H3’,H5’), 8.92 (d, 2H, 3J = 8.10 Hz,
H3’,H5’), 8.71 (t, 1H, 3J = 7.91 Hz, H4’), 8.48 (d, 4H, 3J = 7.54 Hz, H3,H3”,H3,H3”), 7.91
(t, 4H, 3J = 7.35 Hz, H4,H4”,H4,H4”), 7.10 (m, 8H, overlapped signals, H5,H5’, H6,H6’,H5,H5”,H6,H6”)

FAB/MS m/z 701.1 ((2)+ - PF6), 591.5 ((2)+ - 2PF6 + Cl), 575.0 ((2)+

- 2PF6 + F), 324.0 ((2)+ - Cl-Terpy – 2PF6 + Cl), 309.0 ((2)+ - Cl-Terpy – 2PF6 + F),
278.0 ((2)2+ - 2PF6) UV-Vis λmax/nm (ε, M-1cm-1)

273(43,345), 280(38,509),

318(55,454), 370(5,127), 512(7,054), 555(13,527)
Preparation of Fe(terpy)2[PF6]2. (3) The method for synthesizing this compound was
recorded in a previous study.

22 1

H NMR (300 MHz, acetonitrile-d6): δ 8.91 (d, 4H, 3J =

7.91 Hz, H3’,H5’), 8.68 (t, 2H, 3J = 8.10 Hz, H4’), 8.47 (d, 4H, 3J = 7.91 Hz, H3,H3”), 7.88
(m, 4H, Hz, H4,H4”), 7.07 (m, 8H, overlapped signals, H5,H5’, H6,H6’). UV-Vis λmax/nm
(ε, M-1cm-1) 272(25,963), 280(22,727), 319(34,372), 374(2,945), 552(7,200)
Preparation of Fe(terpy)(npa-terpy)[PF6]2. (4) Fe(terpy)Cl3 (0.131 g) was dissolved in
a mixture of acetone and water (4 mL acetone/6 mL water) in a 20 mL vial, and stirred
until dissolution of the solid, resulting in a dark brown solution. The vial was then fitted
with a septum and cooled in an ice/water bath for 15 min. 4′-(N-n-propylamino)2,2′:6′,2′′-terpyridine (0.084 g) and ascorbyl palmitate (0.20 g) were dissolved in 10 mL
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of acetone and cooled over the course of 10 min in an ice/acetone bath, as the solution
was stirred. Once again, precipitation of the ascorbyl palmitate occurred. The
Fe(terpy)Cl3 was then loaded into the cooled dropping funnel.

The solution of

Fe(terpy)Cl3 was then added dropwise to the rapidly stirring solution of Cl-terpy and
ascorbyl palmitate. At the end of this addition, the resultant dark-purple solution was
added to 150 mL of rapidly stirring water. After stirring 10 min, the solution was run
though a vacuum filter, in order to remove precipitated ascorbyl palmitate. Ammonium
hexaflourophosphate (2.0 g) was then added, resulting in the precipitation of the
complex. The dark-purple solid was then dried in air overnight, after which it was
washed with 200 mL of diethyl ether. 0.182 g recovered (68.0%). 1H NMR (300 MHz,
acetonitrile-d6): δ 8.87 (d, 2H, 3J = 8.10 Hz, H3’,H5’), 8.60 (t, 1H, 3J = 7.91 Hz, H4’ ), 8.46
(d, 2H, 3J = 7.91, H3,H3” ), 8.35 (d, 2H, 3J = 7.91 Hz, H3,H3” ), 8.06 (s, 2H, H3’,H5’), 7.86
(m, 4H, overlapping peaks, H4,H4”,H4,H4” ), 7.28 (d, 2H, 3J = 4.90, ,H6,H6”), 7.15 (t, 2H,
3

J = 6.40 Hz, ,H5,H5”), 7.03 (m, 4H, H5,H5”,H6,H6”), 6.56 (s, 1H, N-H ), 3.65 (q, 2H, 3J =

6.40 Hz, NH-CH2-CH2- CH3 ), 1.29 (m, 2H, NH-CH2-CH2- CH3 ), 1.21 (t, 3H, 3J = 7.16
Hz NH-CH2-CH2- CH3) UV-Vis λmax/nm (ε, M-1cm-1)

274 (64,618), 281(63,890),

306(44,181), 319(47,454), 375(7,309), 502(10,981), 565(15,927)
Preparation of Fe(npa-terpy)2[PF6]2. (5) 4′-(N-n-propylamino)-2,2′:6′,2′′-terpyridine
(0.0476 g) was dissolved in 2 mL of hot ethanol. To this solution was added 0.0157 g of
FeCl2x4H2O in 6mL of water, resulting in the formation of the dark purple complex. The
solution was stirred for ten minutes before 0.4 g of NH4PF6 were added, resulting in
precipitation of the dark-purple complex. The product was then filtered and allowed to dry in air
1

before being washed with 150 mL of diethyl ether. 0.471 g recovered (75.5%). H NMR (300

MHz, acetonitrile-d6): δ 8.33 (d, 2H, 3J = 7.91 Hz, H3,H3”), 8.03 (s, 2H, H3’,H5’), 7.83 (t,
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2H, 3J = 7.54 Hz, H4,H4”), 7.27 (d, 2H, 3J = 5.09 Hz, H6,H6”), 7.09 (t, 2H, 3J = 6.22 Hz, H5,H5’),

6.43 (s, 1H, N-H), 3.63 (q, 2H, 3J = 6.03 Hz, NH-CH2-CH2- CH3), 2.18 (m, 2H,

NH-CH2-CH2- CH3), 1.20 (t, 3H, 3J = 7.35 Hz, NH-CH2-CH2- CH3) UV-Vis λmax/nm (ε,
M-1cm-1) 273(49,417) 281(61,745), 292(49,236) 303(39,636), 375(6,145), 517(9,272),
570(12,945)

5.4 Results and Discussion
•

Compound Synthesis
Synthesis of the asymmetric complexes was successfully carried out by reduction

of the mono-terpyridine iron(III) complex with ascorbyl palmitate. A solution of the
iron(III) complex in 2:3 acetone/water was added dropwise to a stirring solution of of the
second ligand in acetone. Initially, the synthesis was conducted at room temperature,
however this resulted in a high incidence of the bis-terpyrine iron(II) complex.
Presumably this was due to the disproportionation25 of the newly-formed iron(II) monocomplex before reaction with the second terpyridine ligand could occur.

3+
N

2+
N

H2O
N Fe H2O +
N
H2O
N
N

O OH
O
O
O
HO OH
R
3:2 acetone/water
acetone/ice bath

N

N
N

N

Fe
N

R

N

Scheme 5.1 General Schematic for the Synthesis of Asymmertic bisterpyridyl Iron Complexes
To suppress this side reaction, the synthesis was conducted at lower temperatures.
In order to accomplish this, the solution of mono-terpyridine iron(III) and the ascorbyl
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palmitate/substituted terpyridine solution were cooled in a water/ice bath for at least 15
minutes prior to use and during dropwise addition. The reaction is shown in Scheme 5.1.
Ascorbyl palmitate was chosen as ascorbic acid precipitated upon cooling. Although
there was some clouding of the acetone solution from precipitation of the ascorbyl
palmitate, the resulting products were found to be nearly totally asymmetric, as opposed
to the products synthesized with ascorbic acid, which contained appreciable amounts of
the bis-terpyridine complex under the same conditions.
The fraction of the desired asymmetric complex was determined by NMR, fast
atom bombardment mass spectrometry (FAB-MS), and thin layer chromatography
(TLC). In the NMR spectrum, the integration of the integrated intensity single 4’ proton
peak was compared to the integrations for the other pyridyl protons, showing a 1:1 ration
of the unsubstituted ligand to the substituted ligand. While not a definite measure of the
percentage of the heteroleptic complex in the reaction mixture, NMR provided
circumstantial evidence of the asymmetry of the complex. TLC of the compounds was
performed on silica plate using acetonntrile which had been washed with a saturated
sodium nitrate solution, a modification of a previously used eluent.26 While not
quantitative, the TLC characterization of these compounds was effective for identifying
symmetrical impurities in the product.
Mass spectroscopy was perhaps the most effective technique for the
characterization of the asymmetrical complexes. The fast atom bombard technique was
used due to its suitability for use with metal-polypyridine complexes.27-29 The degree of
asymmetry in the complex was determined from the peaks representing the complex
minus one PF6- counterion. Using FAB mass-spec, with qualitative supporting evidence
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from TLC, it was determined that complexes (2) and (4) were >97% heteroleptic. The
NMR spectra of the compounds are shown in Figure 5.1.

Figure 5.1 NMR spectra of the Iron(II) Complexes in CD3CN. The purity of
theasymmetric complexes were determined from the proton peak from the 4’
position of unsubstituted terpyridine centered around 8.60-8.70 ppm and the 3’/ 5’
proton peak centered around 9.02 ppm for the chloro substituted terpyridines and
8.03 ppm for the amino-substituted terpyridines.

•

Electronic Spectra
The optical absorbance spectra of the complexes were recorded at a concentration

of 0.0275 mM in acetonitrile, and are shown in Figure 5.2.

The spectrum of the

unsubstituted complex (3) agreed with previously published.30 Complexes (1), (2), and
(3) displayed three main peaks in the range 250-300nm, with the two peaks in the range
275-285nm being overlapped.
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Figure 5.2 UV-Vis Spectrum of Terpyridine Complexs investigated in Chapter 5.

For the disubstituted amino complex (5), there was no peak in the 310-320 nm,
there was however, a strong absorption at 281nm, with shoulders at 273nm, 292nm, and
303nm. The asymmetric amino-substituted complex (4) did have overlapping absorptions
at 306nm 319nm, but it was weakened in intensity as compared to the complexes
previously mentioned.
•

Cyclic Voltammetry

The cyclic voltammery data obtained in acetonitrile for the complexes is shown in Table
5.2. The values recorded for (1) and (3) are in good agreement with those previously
published, while the values for (5) are near those published for similar amino-substituted
complexes.31 The peak separation of all complexes was within the range of 60-80 mV,
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which is characteristic of reversible behavior and is in good agreement with literature
results on similar complexes under comparable conditions.21,32 Here, redox behavior of
the Fe(III/II) couple strongly depend on the type and number of substituents present. For
the chloro-substitited complexes (1) and (2) E1/2 was determined to be 1.196V and
1.167V, respectively. The differences in the Fe(III/II) from the unsubstitued complex (3)
(E1/2 = 1.137V) were ∆E1/2 = 0.059 for complex (1), and ∆E1/2 = 0.031 for complex (2).
Interestingly, each chlorine substiutent shifts the redox potential by approximately 0.03V.
For the amino-substituted complexes (4) and (5), E1/2 was found to be 0.889V and
0.713V, respectively. Relative to that of (3) ∆E1/2 = -0.248V for complex (4), and ∆E1/2
= -0.424V for complex (5). This corresponds to a ∆E1/2 per amino group was found to be
-0.21V, which is in good agreement with the value of -0.18V previously published for
diethylamino substitutents.21 However, in this case the second substiuent has less of an
effect than the first, suggesting an interaction between the two ligands which is absent in
the chlorine-substituted complexes. The value obtained for propylamino substituents is
in good agreement with the value of From the data gathered, it is shown that electronwithdrawing chloro groups systematically drive the Fe(III/II) couple to more positive
values, while the electron-donating amino groups systematically drove E1/2 to more
negative values. The stepwise dependence of the Fe(III/II) couple on the substituent
groups provides further evidence for complex asymmetry.
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Table 5.1 Electrochemical Properties of the Terpyridine Complexes Synthesized in
Chapter 5. The E1/2 values listed are for the Fe(III/II) couple. As can be determined
from the table, each chloro-substitutent adds approximatly 30mV to the redox
potential while each amino substitutent subtracts approximatly 23mV.
Complex
(1)
(2)
(3)
(4)
(5)

•

R1
Cl
H
H
H
-NH2(CH2)2CH3

R2
Cl
Cl
H
-NH2(CH2)2CH3
-NH2(CH2)2CH3

E1/2 (V)
1.196
1.167
1.137
0.889
0.713

∆ E1/2 (V)
0.059
0.0305
0
-0.248
-0.424

Kinetics Measurements
The kinetic scans of all compounds were tested by measuring the disappearance

of the MLCT bands at 550-570 nm over 70,000 s in 1:1 acetonitrile/ethanol, using
NiCl2·4(H2O) as the decomposing metal ion. The scans were fitted with a monoexponential decay for the full duration of the experiment. The results of the kinetics
experiments are shown in Table 5.1
Table 5.2 Kinetic Stability of the Complexes Synthesized in this Chapter 5. It can
be clearly determined from this data that the electron-withdrawing chloro-groups
have a large effect on stability, with each chloro group speeding the decay of the bis
complex significantly. The amino groups, on the other hand, do not have much
effect on kinetic stability.
Complex

R1

R2

k-2 s-1 * 105

(1)
(2)
(3)
(4)
(5)

Cl
H
H
H
-NH2(CH2)2CH3

Cl
Cl
H
-NH2(CH2)2CH3
-NH2(CH2)2CH3

46.8
16.6
2.26
5.50
2.30

As can be surmised from Table 5.1 and the decay scans shown in Figure 5.3, the
electron-withdrawing chlorine substituent groups had a significant effect on the decay
rate, as compared to the unsubstituted complex. As expected based on the electron140

withdrawing nature of the chloro group, the dichloro complex (1) decayed the most
rapidly, at 4.68*10-4 s-1, while the monochloro complex (2) decayed less quickly, at
1.66*10-4 s-1. The unsubstituted complex (3), as was measured in our previous study,22
decayed at a rate of 2.26*10-5 s-1, nearly a full order of magnitude more slowly than
complex (2).

Figure 5.3. Kinetic Stability of Terpyridine complexes. The bis compelex of cl-terpy
(1) clearly shows the most rapid decay of the complexes measured, closely followed
by the terpy/cl-terpy mixed-ligand complex (2) at k-2 = 4.86*10-4 s-1 and k-2 = 1.68*104 -1
s , respectively. The bis-terpyridine complex (3) decays nearly an order of
magnitude more slowly that (2) (k-2 = 2.26*10-5 s-1) , with a very similar decay rate to
the bis-npa-terpy complex (5) (k-2 = 2.30*10-5 s-1). For currently unknown reasons
the npa-terpy.terpy mixed-ligand complex (4) decays about twice as rapidly as (3)
and (5) (k-2 = 5.50*10-5 s-1).
The monoamino substituted complex (4) decayed nearly two times more rapidly
than the unsubstituted complex, at a rate of 5.11*10-5 s-1, as would be expected based on
our previous studies.22 Unexpectedly, the diamino complex (5) decayed at nearly the
same rate as the unsubstituted complex (3), at a rate of 2.30*10-5 s-1. While in water it
appears that an overabundance of electron density imparted by the amino groups
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decreased stability of terpyridine-based complexes of iron(II). It would be expected that
the amino groups would have a large effect on the decay kinetics based on the CV scans
of the complexes, show that the amino groups donate electron density to complex to a
greater magnitude than the chloro groups withdrawal. The current study suggests that
effect of substituent groups on complex stability is solvent dependant, as solvent
interaction has been shown to have a dramatic effect on the decay rate of terpyridine
complex (see Chapter 4). The amino substitutents most likely change how the solvent
interacts with the ligands, thereby altering the decay rate.

5.5 Conclusions
In this study, it has been shown that asymmetric bis-terpyridine iron(II)
complexes can be readily synthesized by in situ reduction of [terpy]FeCl3 in the presence
of a substituted terpyrine ligand at lowered temperatures. Using this technique, we were
able to synthesize monochloro and monoamino substituted bis-terpyridinyl complexes,
the asymmetry of which were proven using NMR and FAB-mass spec, along with
qualitative evidence gained from TLC.
In order to determine the effect of the substituent groups on the kinetic stability of
asymmetric compounds the complexes where decomposed with NiCl2·6H2O in 1:1 v/v
acetonitrile/ethanol. It was found that the electron withdrawing chloro-groups decreased
stability as compared to the unsubstituted complex, with the dichloro complex decaying
the most rapidly. For the amino-substituted complexes, the monosubstituted complex
decayed more rapidly than the unsubstituted complex, while the disubstituted complex
was as stable as the unsubstituted complex. Cyclic voltammetry scans of the complexes
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showed a sequential increase in the voltage of the Fe(III/II) couple with each electronwithdrawing chloro-substitution, while each electron-donating amino group lowered the
voltage of the couple.
In summation, we have described a technique to synthesize asymmetric bisterpyridine iron(II) complexes with a high purity and good yield. The physical properties
of these complexes have shed new light on the role of functional group substitution on
metal-ligand complexes.

It is hoped that this study will lay the groundwork for

controlled hierarchical synthesis of more advanced metal-ligand structures.
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CHAPTER 6
TUNABLE ORGANOGELS UTILIZING TERPYRIDINE-BASED
CROSSLINKS
6.1 Overview
In this chapter we discuss the synthesis and rheological properties of poly(Nisopropylacrylamide) (poly(NIPAAm)) organogels with supramolecular crosslinks
composed of terpyridine complexes of copper, cobalt, nickel, and iron. The gels were
synthesized by dissolving poly(NIPAAm) with pendent terpyridine groups in DMF
followed by the addition of the metal salt complexed with either bipyridine or
phenanthroline as a sacrificial ligand.

As the complexes of the sacrificial ligand

dissociated, the metal was bound to the more strongly binding terpyridine ligands, thus
forming the crosslinking terpyridine bis complexes. The frequency and stress relaxation
properties of the gels could be altered dramatically by variation of the crosslinking metal.
Interestingly, the characteristic bulk relaxation rate β was found to be several orders of
magnitude lower than the measured or expected dissociation rates of the free bis
complexes in solution. This phenomenon is attributed to cooperative binding of the
ligands, combined with the limited availability of ligand with which to exchange.

6.2 Introduction
Physical gels rely on a wide variety of interactions to form crosslinks, including
hydrogen bonding1, aggregation,2 and metal-ligand interactions3. Gels crosslinked via
metal-ligand interactions are particularly interesting due to the wide range in kinetic and
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thermodynamic properties obtainable with metal-ligand complexes.4 One example of the
wide variety of obtainable properties is the work of the Craig research group, in which
crosslinking via pincer complexes were tuned by varying the metal ions complexed and
the steric hindrance provided by substituent groups on the ligand, both are factors that
influence exchange kinetics of the ligands.4,6 Additionally Craig and coworkers have
studied how, the bulk rheological properties were determined by the exchange rates of the
ligands.7 In this study, the bulk values were the same order of magnitude as the exchange
rates of the free complex with a nearly linear dependence on the inverse of the relaxation
rate on crosslinker concentration.

Another interesting series of studies conducted by

Rowan et al. involves the formation of gels from telechelic ligand-functionalized oligoethlylene oxide. The gels were formed by mixing the telechelic oligo-ethylene oxide
species with Zn(II) or Co(II), which formed a supramolecular polymer through bis
complexation, and a small amount of La(III) or Eu(III), which formed crosslinking tris
compexes.8-12 Tris metal-ligand complexes were also employed by Fraser et al. in the
formation of PEO-based hydrogels with iron(II) tris-bipyridine crosslinks.13
In terms of tunability, terpyridine complexes represent ideal candidates for the
construction of supramolecular crosslinks.

Terpyridine forms bis complexes with a

variety of transition metals, and the properties of these complexes show a wide variability
of physical properties depending on the metal. In a series of kinetics studies, Wilkins and
coworkers determined the kinetic stabilities of bis complexes of terpyridine varied from
10-7 s-1 for iron(II) complexes to exchange rate greater than 10 s-1 for Copper(II).14 In
Chapter 3, we have determined that substitutions in the 4’ positions of the ligand can
have a large effect on the stability of terpyridine complexes, as well as the solvent in
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which the complex is dissolved, which is discussed in Chapter 4. The variation of these
conditions provides means to modify the kinetic stability of the complexes, and thereby
tunig the bulk properties of the resulting gels.15,16
In this study we have synthesized poly(NIPAAm) gels with crosslinks formed
from bis

complexes of terpyridine with Fe(II), Co(II), Ni(II), and Co(II).

Poly(NIPAAm) with randomly incorporated terpyridine pendent groups were gelled by
addition of the metal in DMF. Shear rheology and stress relaxation studies revealed a
wide variety of properties by variation of the metal ion. The gels exhibited a range of
bulk relaxation rates from 10-5 s-1 to 102 s-1, depending on the metal used to form the gel.
It was also found that the bulk relaxation rates of the gels were much slower than the
decay rate of the free bis complexes in solution, indicative of gels which follow the
limited free association model.

6.3 Experimental
•

Materials and Methods
Spectrometery grade N,N’-Dimethylformamide (DMF) and HPLC water were

obtained from Fisher Scientific. Acryloyl chloride (97%) and N-isopropyl acrylamide
(97%) were obtained from Sigma-Aldrich.
(methylamino)ethanol (99%),

Iron(II) chloride tetrahydrate (99+%) 2-

Copper(II) bromide (99%), and 4’-chloro-2,2’:6’,2”-

terpyridine (99%), and Nickel(II) chloride hexahydrate (99.9999%) were obtained from
Acros Organics. Cobalt(II) chloride hexahydrate (≥98%) was obtained from Fluka, and
4’-(N-2-hydroxyethyl-N-methylamino)-2,2’:6’,2”-terpyridine was prepared as in our
previously study. All compounds were used as obtained without further purification.
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All NMR spectra were recorded on a Bruker Avance 300 MHz spectrometer,
rheological measurements were performed on a TA instruments AR 2000 rheometer
using a 40 mm cone with a 2o cone angle. All gels were measured at 100 µm gap width.
Decay studies were completed using a Hitachi U-3010 spectrophotometer equipped with
an Applied Photophysics RX2000 rapid mixing unit. The acryloyl-terpy complex was
present at a 0.25 mM concentration, while the decomposing metal ion was present at a 10
mM concentration. The iron complex was decayed with Ni(II), and the signal at 570 nm
(MLCT band of the iron complex) was measured over 10 min, being fitted by a single
exponential to obtain the decay constant. The cobalt complex was decayed using Fe(II),
and the formation of the resultant iron(II) complex was tracked at 570 nm for 1 h. The
first 60 s of these scans were fitted in order to establish the decay rate of the bis complex.
.
•

Syntheitic Procedures
Synthesis of 4‘-(N-2-arcoyloxyethyl-N-methylamino)-2,2‘:6‘,2‘‘-terpyridine

(acryloyl-terpy). To an oven-dried 50 mL round bottom flask was added 1.45 g of 4’(N-2-hydroxyethyl-N-methylamino)-2,2’:6’,2”-terpyridine and a stir bar, and the flask
was fitted with a septum and purged with nitrogen for 10 min. Dry THF (18 mL) was
added to the flask, and the mixture was sparged with nitrogen for 10 min, while cooling
in an ice/water bath. To the flask, 2.5 mL of acryloyl chloride was added via syringe, and
the mixture was stirred for 10 min. At the end of this period of time, 2.5 mL of dry
triethylamine was added though the septum via syringe, and the reaction was allowed to
warm to room temperature, and stirred for 12 h. After this time, the yellow pale reaction
mixture was added to 200 mL of water and stirred. The aqueous solution was adjusted to

148

pH 10 using aqueous sodium hydroxide, causing a white precipitate to form.

The

precipitate was filtered and dried in vacuo, resulting in a white powder. The product was
determined to be of sufficient purity by NMR to be further synthetic steps. Yield: 0.70g
(41.0%)

1

H NMR (CDCl3): δ 8.70 (d, 2H, 3J = 4.90Hz, H6,H6”), 8.64 (d, 2H, 3J =

7.91Hz, H3,H3”), 7.86 (t, 2H, 3J = 7.10Hz, H4,H4”), 7.85 (s, 2H, H3’,H5’), 7.32 (t, 2H, 3J =
5.91Hz), 6.39 (dd, 1H, 2J = 1.32Hz, 3J = 16.01Hz CH==CH2 cis), 6.10 (dd, 1H, 3J = 7.02
Hz, 3J = 10.48Hz, CH==CH2), 5.79 (dd, 1H, 2J = 1.29Hz, 3J = 10.41Hz CH==CH2 trans),
4.47 (t, 2H, 3J = 5.61Hz, CH2OC(O)), 3.93 (t, 2H, 3J = 5.61Hz, CH2CH2OC(O)), 3.27 (s,
3H, NCH3)

13

C NMR

(CDCl3): δ 166.04, 156.93, 155.85, 155.38, 148.85, 136.71,

131.33, 128.05, 123.48, 121.39, 103.87, 61.93, 50.14, 38.65
Synthesis of poly(NIPAAm) with pendent terpyridine groups. To a 50 ml RBF flask
was added a stir bar 0.812 g of N-isopropyl acylamide, 0.120 g of aryloyl-terpy, and
0.004 g of AIBN. The flask was capped with a septum, and purged with nitrogen for 15
min, before 5 mL of dioxane was added and the mixture was sparged with nitrogen for a
further 15 min. The solution was heated to 80 oC for seven hours under nitrogen while
stirring. At the end of this time, the product was precipitated by dropwise addition to
300ml diethyl ether. The product was filtered, and allowed to dry in air. Yield: 0.806 g
(86.1%) 1H NMR (D6-DMSO): δ 8.69 (d, 2H, ), 8.59 (d, 2H, ), 7.96 (t, 2H, ), 7.77 (t, 2H)
7.44 (t, 2H), 3.85 (broad, 19H), 1.96 (broad, 19H), 1.48 (broad, 38H), 1.04 (broad,
114H).
•

Gel Synthesis
Gels were synthesized by dissolving 0.070 g of poly(NIPAAm) in DMF, followed

by addition of 0.075 mL a 0.126 M aqueous solution of the complex of the metal
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ion/sacrificial ligand complex. This gave 9.4*10-6 moles of total metal in solution, as
compared to 2.3*10-5 moles of crosslinker in solution.

Since formation of the bis

complex requires that one metal ion binds two ligands, a theoretical maximum 82% of
the ligands can be occupied. The sacrificial ligands were necessary to slow formation of
the gel so that it could be loaded into the rheometer before gelation occurred. After the
gel was initially mixed, it was sufficiently fluid to handle via syringe. Upon sitting, the
terpyridine complex crosslinks formed via ligand exchange with the metal/sacrificial
ligand complex. During this setup time, the gel was subjected to 12 h of pre-shear at 1
Hz. For cobalt and iron, phenanthroline was used as the sacrificial ligand. For nickel,
bipyridine was used, as the tris phenanthroline complex was stable enough to inhibit gel
formation for several days. The general synthesis of gels is shown in Scheme 6.1. The
cobalt gels set rapidly even using sacrificial ligands, because of this, the viscous solution
formed upon the addition of the cobalt complex was compressed between the cone and
the plate of the rheometer and heated to 70o C until the normal force registered by the
rheometer was near zero and unchanging. After this, the gel was allowed the normal setup and pre-shear procedures.
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Scheme 6.1 The Synthesis of Supramolecular Gels Used in this Study.

The metal/sacrificial ligand complexes were prepared by dissolving the metal in
water with 3 equivalents of the ligand followed by 20 min of sonication, then filtration.
The synthesis of copper gels did not require use of a sacrificial ligand, as the exchange of
the copper complexes was rapid enough so that the gel solution was liquid upon
formation. The gels were set up in the rheometer for 12 h under a 1 Hz pre-shear.

6.4 Results and Discussion
Incorporating pendent ligands into the side chain of poly(NIPAAm) has allowed
us to create polymer organogels with tunable metal-ligand crosslinks, resulting in a gel
with tunable rheological and relaxation properties based on the metal used to crosslink
the gel. In the following section we discuss the dynamic mechanical and stress relaxation
properties of the gels, along with a discussion on theoretical versus observed modulus,
and a comparison of the decay rate of the free ligand versus the rate of dissociation of
crosslinks determined from stress relaxation and rheology data.
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For iron and nickel gels, the oscillatory rheological data shows gels with elastic
properties in the frequency range studied. The storage moduli for both nickel and iron
gels is shown in Figure 6.1. The plateau storage modulus G’ of the nickel gel was
measured to be around 1.25 kPa, while the modulus for the iron gel was measured to be
between 0.45 and 0.5 kPa. The equation
G = nRT / V

where G is the modulus, n is the number of crosslinks, R is the universal gas costant, T is
the temperature, and V is the unit volume, was originally published by Flory to relate the
modulus of networks to the crosslink density.17 Using this equation, the theoretical
maximum modulus of the gels based on the metal concentration of the gels is 21.3 kPa.
Using this calculation, it is apparent that the iron and nickel gels are forming only 2.3%
and 5.9% of the theoretical maximum of crosslinks, respectively. Iron-croslinked gels
synthesized with twice the concentration of polymer and metal (13 weight %, up from 6.5
weight %) showed a plateau modulus of 3.15 kPa, more than a six-fold increase. While
this is a six fold increase in plateau modulus, it still only represents about 15% of the
theoretical maximum modulus. The lower than expected modulus, and the six fold
increase in modulus arising from a two fold increase in concentration suggest that the
polymer is present below-overlap concentration. This means that intramolecular
crosslinks inside the polymer globule are the predominant species, rather than the
intermolecular crosslinks which would be formed at concentrations above the overlap.
This supposition is supported by rheological results obtained for acryamide gels at similar
molar concentrations.18
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Figure 6.1 Storage Moduli (G’) of Iron and Nickel Gels. The 6.5 wt% iron gels (
)
had a storage modulus of approximately 0.5 kPa, the 6.5wt% nickel gels (
) showed
a storage modulus of 1.25 kPa, the 13 wt% iron gel (
) had a storage modulus of
3.15KPa, more than a 6x increase over the 6.5 wt% gel.

The oscillatory scans of the iron and nickel gels were indicative of an elastic gel,
with no transitions present in the frequency range of the experiments.

Since the

oscillatory rheological experiments could not determine the characteristic decay rate (β)
of the iron and nickel gels, stress relaxation was employed in order to record β for these
gels. The stress relaxation data for all the gels tested is shown in Table 6.1. A relaxation
rate of β = 5.6*10-5 s-1 was recorded for the nickel gels, while for the iron gels the decay
rate was found to be β = 9.2*10-5 s-1. The fact that the iron gels have a slightly higher
decay rate than that of the nickel gels is surprising due to the fact that the bis complexes
of nickel with terpyridine decay approximately an order of magnitude more rapidly than
iron in aqueous solution.14,19 It must be remembered however, that the ligands in these
gels are not in water, and are substituted in the 4’ position, both factors which have an
effect on the decay rate of these complexes.
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Table 6.1 β Values of the Gels by Rheology and Stress Relaxation
Metal

β (rheology) in s

Fe
Co
Ni
Cu
Co/Cu

13
-3
1.4*10 /13

-1

Β (stress relaxation) in s

-1

-5

9.2*10
-4
5.7*10
-5
5.6*10
-3
5.5*10

The gels crosslinked by copper bis-complexes of terpyridine formed very fluid
gels on account of the exchange of the copper(II) terpyridine complexes. Previously,
Hogg and Wilkins attempted to measure the exchange of terpyridine complexes of
copper(II) and found only that the rate of decay of the bis complex was k-2 > 10 s-1,14 a
rate much more rapid than that of iron, cobalt and nickel. Besides the fluidity of the gel,
another side product of the comparatively rapid exchange of copper(II) complexes was
the absence of need for use of sacrificial ligands. The frequency as determined by
oscillatory rheological testing was found to be β = 13 s-1 from a fit of the data to the
Maxwell model. The plot of the storage and loss moduli for the copper gel is shown in
Figure 6.2.
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Figure 6.2 Storage (
 ) and Loss (
 ) Moduli of the Copper Gel. The data showed
a β value of 13 s-1.
Cobalt based gels showed a β transition in between that of the elastic iron and
nickels gels and the fluid copper gel. Stress relaxation measurements returned a value of
β = 5.7*10-4, which is in fairly good agreement with the oscillatory rheological data,
which shows a transition near the edge of the tested range, which was 1*10-4 Hz. The
storage modulus for the cobalt showed a plateau at approximately 0.22 kPa,
approximately 1% of the theoretical maximum.
In addition to gels crosslinked with a single metal, a gel composed of both copper
and cobalt was synthesized. Interestingly, for a 1:1 mixture of copper/cobalt the gel
shows two characteristic frequencies. Maxwell fitting of these data at low frequencies
returned a value of β = 1.4*10-3 Hz for cobalt, along with a second transition at higher
frequencies attributed to the copper crosslinks. The data for both the cobalt and mixed
gels are shown in Figure 6.3. The stress relaxation data for the mixed metal gels showed a
β value of 5.5*10-3 s-1, which is in fairly good agreement with the Maxwell fit for cobalt
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(the relaxation of the copper portion of the gel could not be measured due to the rapidity
of the decay).

Figure 6.3 The Storage and Loss Moduli of Cobalt and Mixed Gels. The cobalt gel
(G’ = blue triangles, G” = blue squares) showed a plateau storage modulus of 0.22
kPa, β =5.7*10-4 Hz. The mixed copper/cobalt gel (G’ = red triangles, G” = red
squares) showed a β value of 1.4*10-3 s-1 for the cobalt portion, and β ≈ 13 s-1 for the
copper portion.

•

Relation of Gel Dynamic to Terpyridine Dissociation
In order to determine how the β values of the gels were related to the dissociation

rate of the crosslinking terpyridine complexes, the decay constants for the bis complexes
of acryloyl-terpy with iron and cobalt were measured in DMF, using the techniques
outlined by Holyer, Hubbard, and Wilkins,19 and the studies which we have completed
previously. These studies returned a value of k-2 = 2.5*10-2 s-1 for iron and k-2 = 5.4*10-3
s-1 for cobalt; unfortunately decay rates could not be measured for the nickel and copper
complexes. These values are much larger than the β values obtained by stress relaxation
and oscillatory rheology methods by nearly two orders of magnitude for cobalt and
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approximately three orders of magnitude for iron, which stands in stark constrast to
previous studies on metal-crosslinked supramolecular gels.6
For the iron, nickel, and pure copper gels, it appears the model presented by
Rubinstein and Semenov,15,16 is valid. This model states that if the bond energy of the
crosslink is high enough, and the opportunities for recombination are limited, the lifetime
of the bulk network association will be much greater than the lifetime of the individual
associations, as the associations break and reform several times before dissociating
permanently during stress relaxation.
Two factors contribute to slowed relaxation: high equilibrium constant of
binding, and the limited number of ligands on the polymer chain. In a system such as the
PVP/pincer complex gel reported by Craig, every monomer can act as a ligand, giving the
recently dissociated metal center many options for complex reformation in the immediate
vicinity. In our gels, the local options for re-binding are limited due to the low molar
content of the ligand. This would encourage the complex to reform with the same ligand
after the initial dissociation, which, along with the high binding energy, explains the
difference between the β values measured for the gels and the decay of the crosslinkers in
solution. In the case of copper gels, the free-ligand decay rate is unknown in DMF, and
the data available for water is only an approximation. Because of this, no conclusions
could be drawn as to differences between gel stress relaxation and free ligand exhnage for
the copper gels. In the case of the mixed metal gels, the labile crosslinks formed by
copper provide a “fluid” framework with rapid interchanges, allowing the recently
dissociated cobalt centers to recombine with binding sites made available by rapid copper
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exchange. For this reason the β values for the mixed metal gels are much closer to the
decay constants of the acryloyl-terpy complexes in solution.

6.5 Conclusions
In this study we have synthesized organogels with metal-ligand crosslinks based
on terpyridine complexes, the charcacteristic frequencies (β) of which are varied based on
the nature of the metal (or metals) used to form the complexes. The β values for each gel
were measured by stress relaxation and/or oscillatory rheology. In all cases except for
copper, for wich there is insufficient data to form an expectation, the β values were much
lower than the expected (or measured) decay rates of the terpyridine-based crosslinker
complexes in solution. This presumably corresponds to a limited free association model,
as described by Rubinstein and Semenov, wherein the supramolecular bonds are broken
and reformed in the same binding site many times before migration to a new binding site
by the metal occurs.
In mixed cobalt/copper systems, exchange of the copper portion of the gel
provided an abundance of free ligands, which allowed the cobalt portion of the gel to
have a β value more closely resembling that of the decay of the free ligand in solution.
These interesting results lay the groundwork for further studies on these systems in the
future, as variation of the solvent, linking chemistry, ligand density, and further variation
of the metal could potentially further increase the tunability of these systems.
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CHAPTER 7
SUMMARY AND OUTLOOK
7.1 Overview
The focus of this work has been to increase the understanding of the effects
governing the physical properties of terpyridine complexes, to develop novel
functionalization techniques aimed specifically at tailoring ligand and complex
properties, and to apply the knowledge so gained in the design and synthesis of
supramolecuar materials. Synthetically, the studies presented in this work have advanced
the field of terpyridine chemistry by providing new routes of functionalization, including
the direct addition of polystyryllithium to terpyridine and the addition of amino-linked
molecules to mesyl-PEO, thus forming PEO-N(Me)-Terpy. In addition to these organic
synthetic techniques, a novel technique was introduced in which heteroleptic terpyridine
complexes of iron could be synthesized.
The kinetic studies undertaken in this work have advanced the understanding of
physical inorganic chemistry by elucidating the effect of substituent groups and solvent
conditions on the stability of bis complexes of terpyridine.

It was determined that

substituents in the 4’ position of terpyridine do indeed affect the kinetic stability of
complexes of terpyridine which, in some cases, speeds the decay by more than an order
of magnitude. While the effects of substituents on kinetic stability were appreciable, the
effect of solvent on kinetic stability of the complexes was quite pronounced and varied
over several orders of magnitude.
160

Finally, the knowledge gained in the synthetic and kinetic studies on these
complexes was applied to the creation of an organogel with supramolecular crosslinks,
with the aim of tuning the bulk properties of the gel based on variation of the metal used
to crosslink the gel. It was found that the physical properties of the gel did indeed depend
on the metal used; however, the gel did not necessarily have the expected properties, as
other effects besides metal kinetics played a role in determining the bulk physical
properties. In the following section, an overview of the general topics covered in this
writing is presented along with suggestions for potentially useful future studies.

7.2 Synthesis of Novel Terpyridine-Functionalized Polymers
In the course of this study, a few novel terpyridine-functionalized polymers were
synthesized with different intended purposes. In chapter 2, a novel technique for the
functionalization of polystyrene via anionic polymerization is presented, the technique
being based the nucleophilic substitution of polystyryllithium to the 6 position of
terpyridine. A simplified reaction scheme for this process is displayed in Scheme 7.1.

Li

N

N

N

Scheme 7.1 Functionalization of Polystyryllithium with Terpyrdine

The reaction required a large excess of terpyridine to be successful, a marked
disadvantage in this process. The process did allow for direct functionalization that did
not require the synthesis of precursors, however, and also allowed for the production of
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novel 6-polystyryl terpyridine. Furthermore, it was determined that the product could
easily be purified to nearly 100% functionalization using flash-column chromatography.
While some work was done to prove that this polymer complexed with iron, the
behavior of metal complexes of this class of polymers is virtually unknown. In the
future, studies on complexation of 6-polystyryl terpyridine with a variety of metal iron
would be beneficial in understanding the effects of steric bulk on terpyridine complexes.
Previous studies by Constable, et. al. have shown that steric bulk at the 6/6” position is
capable of changing the spin state, and therefore the magnetic and optical absorption
properties, of terpyridine complexes with iron and cobalt.1,2 It would be interesting to
know how a polymer chain would contribute to steric bulk in various solvents and if
variation of solvents could, in turn, have an effect on spin-state related properties.
Another possible way to extend the study of these anionic polymers would be to
synthesize functionalized polymers other than polystyrene. Isoprene, butadiene, vinyl
pyridines, and various substituted styrene are all capable of anionic polymerization and
very little modification of the current technique would be needed in order to produce
terpyridine-functionalized version of these polymers. This new anionic polymer toolbox
could then be used to produce such structures as supramolecular block copolymers.
A final aspect of the anionic terpyridine functionalized polymers is the formation
of ligand-centered block copolymers. This was briefly touched on in Appendix 2.B,
providing information proving that such copolymers of polystyrene/polyisoprene and
polystyrene/poly(p-methylstyrene) were possible. The ability of these copolymers to
complex with metal ions remains unexplored, however, and would be an interesting
subject of study. Whether or not the ligand-centered block copolymers can form a bis
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complex is yet unknown. If the ligands are too hindered to form bis complexes, the
unoccupied coordination sites may allow the complex to act as a catalyst, which would
not be possible in the case of the bis complex.
Aside from anionic polymers, a few novel polymers based on PEO were also
produced. The reaction of PEO-methyl ether with Cl-terpy is well known, producing
ether-linked terpyridine-functionalized polymers.3 For the kinetics studies, an amino
linkage between the terpyridine and the PEO chain was desired, and this goal was
accomplished

by

functionalizing

methylamino)-2,2′:6′,2′′-terpyridine.

mesyl-PEO

with

4′-(N-2-Hydroxyethyl-N-

In addition to this, thiol-linked PEO-terpy was

created by the reaction of terpy-SH with mesyl-PEO. In turn, sulfonyl-linked PEO-terpy
was produced by oxidation of the thioether-linked species.
While all these PEO-based structures are, to the best of our knowledge, novel, our
interest in them was the stability of complexes formed with Co(II) and Fe(II); little study
was done beyond the completion of this goal. Worthwhile studies could be completed
into characterization of complexes of other metal irons and different properties. For
example, Co(II), Fe(II), Ni(II), and Ru(II) complexes of these polymers could be
characterized by GPC using techniques previously outlined by Shcubert et. al.4-6 in order
to characterize the relative stabilities of the complexes, based on each metal-linking
chemistry combination. Furthermore, studies could be completed on the magnetic and
spectral properties as well, as we did no characterization of emission spectra or magnetic
susceptibilities.
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7.3 Kinetics Studies of Terpyridine Complexes
The work done on the kinetic stability in this dissertation has been focused on
determining the effects of substituent groups and solvent conditions on the stability of bis
complexes of Fe(II) and Co(II).

A reaction scheme of the decay of the polymer

complexes in water is shown in Scheme 7.2.

Prior to these studies, only the rate

constants for unsubstituted terpyridines in aqueous solution were widely known.7,8 The
studies we have conducted have provided additional knowledge about how structure
effects kinetics, i.e. that both amino and ether substituents on the 4’ position of the
terpyridine speed decay by an order of magnitude for iron, while amino-substituted
terpyridine ligands facilitate the rapid oxidation of cobalt(II) to cobalt(III). We have also
shown that it is possible to vary the stability of terpyridyl iron and cobalt complexes by
several orders of magnitude simply by changing the solvent in which the complex was
dissolved.
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Schem 7.2 Decay of Terpyridine Complexes

In the subtituent group studies it was found that for all substituents tested (ether,
thioether, amino, and sulfonyl linkages), the rate of decay for iron increased by at least an
order of magnitude over the unsubstituted complex. The substituents whose complexes
were the most stable were amino and thioether linkages, the least stable being the ether
and sulfonyl linkages. As current terpyrdine-functionalized polymers generally rely on
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ether linkages, these amino and thioether linkages provide a more stable alternative when
forming supramolecular structures.
For the cobalt complexes of the ligands listed above, the dependence of the decay
rate on the ligand was not as extreme as for the iron complexes. The largest difference
observed was for complexes of sulfonyl-substitued ligands, which decayed approximately
five times faster than the unsubstituted complexes. The complexes of the 5 kg/mol ether
and amino-linked PEO ligands decayed at rates comparable to the unsubstituted complex
while the thioether-linked complex decayed approximately three times more rapidly than
the unsubstituted ligand.
Interestingly, for the iron complexes, a power law relationship of k-2 ~ N0.14 was
found to exist between the number of repeat units and the decay rate. These results were
consistent with the inverse of the theoretical rate dependence derived for chemically
controlled linking reactions. These are the only results of which we are aware to show a
progressive dependence of molecular weight to the reverse reaction of two endfunctionalized polymers.
The molecular weight dependence on cobalt complex decay was not so
straightforward; the lower molecular weight PEO-based ligands decay with decreasing
rate until the 5 kg/mol ligand, which had the slowest decay rate of the ether-linked
ligands. The decay rate then increased with increasing molecular weight, though the
number of data points was insufficient to gain a decisive fit for the dependence of decay
rate on molecular weight. These results further highlight the differences in the decay
kinetics of the iron and cobalt complexes, as the distortion of the d7 cobalt complexes
likely gives rise to the differences.
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The effect of solvent on the decay rate was also measured. As many studies of
terpyridine complexes do not use water as a solvent, it was considered worthwhile to
determine the stability of the complexes in organic solvents. For the iron complexes, a
definite correlation was found between the ability of the solvent to dissolve the
terpyridine ligand and the decay rate, with the decay kinetics spanning more than 5 orders
of magnitude. In contrast, the difference in the decay rates of cobalt complexes spanned
only one order of magnitude, with no discernible dependence on the solubility of the
ligand versus decay rate.
In conducting these studies, we have outlined several factors that influence the
stability of terpyridine complexes, all of which are relevant to the formation of
terpyridine based polymer supramolecular structures. In the future, exploring the effects
of more susbtituent groups would be highly beneficial, especially those not requiring the
use of an electropositive or electronegative heteroatom. Coupling techniques using Clterpy, such as Heck coupling9 or Sonogashira coupling10 could be employed in the
synthesis of terpyridines with sp2 and sp hybridized carbon substituents, while a
Grignard-type reaction could be employed in the synthesis of sp3 hybridized carbon
substituents. This is important as the Hammett constant of many carbon substituents are
very close to 0 (the Hammett constant of the hydrogen group), giving the potential for
substituted ligand decay rates which are comparable to the unsubstituted ligands.
Variation of the metal groups beyond cobalt and iron would also be very
beneficial, further expanding the knowledge of solvent and substituent groups on metalligand complexes.

In Chapter 3, nickel was neglected in the decay studies, as the

complexes could not be decayed using techniques similar to those employed for iron and
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cobalt. It would be ideal to study the decay of nickel complexes, as they are more
thermodynamically stable than iron or cobalt complexes.11 In the future, techniques such
as exchange studies with isotopically labeled ligands or rates of acid induced
dissociation12 may be employed in the elucidation of the decay rates of nickel complexes.
These techniques may also be employed in the characterization of the stability of
complexes of other metal ions as well.

7.4 Synthesis of Heteroleptic Terpyridine-Based Complexes of Iron(II)
In Chapter 4, a convenient synthesis of heteroleptic complexes of iron by the
oxidation of the mono terpy-iron(III) in the presence of a second terpyridine ligand is
described. This technique was used to create monosubstituted terpyridine complexes, the
cyclic voltammetry and kinetic decay properties of which were characterized and
compared against the disubstituted and unsubstituted complexes.

This technique is

important in that it is the first truly successful synthesis of asymmetric terpyridine
complexes of iron(II).
Chapter 4 represents the results of an initial study, one that can be expanded upon
in future optimization studies. The yields of the reaction could be improved and other
solvent systems could be employed with the aim of making the reaction more compatible
to a wider range of molecular structures. Ligands besides substituted terpyridines may be
used as the ligand added oxidation. Likewise, a tridentate ligand other than terpyridine
may be used as the starting ligand, as other tridentate complexes are capable of forming a
mono complex with iron(III).13
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7.5 Organogels with Supramolecular Terpyridne-Based Crosslinks
In Chapter 6 of this dissertation, the synthesis of a poly(NIPAAm)-based gel in
DMF with terpyridine complex-based crosslinks was discussed.

The gels were

synthesized by first synthesizing poly(NIPAAm) with pendant terpyridine groups, then
dissolving the polymer in DMF and adding a solution of the desired metal ion, either as
the free salt or as a complex with sacrificial ligands. While other studies have been done
on supramolecular gels, this is the first we of aware of to utilize terpyridine, which is
useful in creating solid gels because of its binding strength. It was found that the bulk
relaxation properties of the gels could be tuned by variation of the metal used, though the
relaxation rates did not match the decay rate of the free complex in most cases.
Future work for this project could potentially entail combining the terpyridine
crosslinks with covalent crosslinks or other supramolecular crosslinks to create
multifunctional gels. Also studies can be completed on the swelling of the gels and the
dissolution of the gels with competing ligands. Variations of the polymer and solvent
could potentially provide methods of further tuning the gel.

7.6 Conclusions
In this dissertation, several ways of modifying the physical properties of
terpyridine complexes have been presented. In supramolecular chemistry, terpyridine
complexes are often utilized for their perceived stability, using kinetics and
thermodynamic values obtained in water and not necessarily reflecting the conditions
used to make the desired structures.

We have provided basic information into the
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physical properties of complexes of substituted terpyridines and those in organic solvents.
studying addition to providing a useful body of work, these studies demonstrate that
substitutions and solvents must be taken into account when considering the stabilities of
supramolecular complexes.
In addition to the physical data, we have introduced novel terpyridine and
bipyridine functionalized polystyrene by anionic polymerization. We have also created
organogels with terpyridine complex-based crosslinks. These gels could be tuned by
variation of the metal ligand.

These studies provide a valuable contribution to the

understanding of terpyridine chemistry, establishing a base of knowledge which can be
used to create tunable supramolecular structures in the future.

.
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